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continuous refrigeration below 1°K 


CELL —MAIN MAGNET 
Now, it is possible and practical, to carry on research at temperatures as 
low as 0.25°K. Arthur D. Little, Inc., has translated the cyclic technique 
of magnetic cooling, developed by J. G. Daunt and C. V. Heer, into a 
practical laboratory apparatus — the ADL Magnetic Refrigerator. a hala 


It will maintain any temperature in the 1°K to 0.25°K range. nc guedaai VALVE 


simplifies cryogenic research in a new region of lower temperature: [=e 
EXPERIMENTAL 


Allows many exothermic experiments requiring a large continuous heat input to be performed which SPACE, 
previously have not been possible. 


* Permits isothermal magnetic measurements of paramagnetic substances at or near their 
ferromagnetic or antiferromagnetic transition points so that complete phase diagrams can be 
established for this transformation. 


* Establishes a lower isothermal temperature reservoir to act as the initial temperature for 
paramagnetic cooling in nuclear orientation studies. 


Allows accurate calorimetry in a region important for electronic specific heat measurements. 


* Provides a constant-temperature, liquid helium bath down to 0.25°K for study of the anomalous 
properties of both helium 4 and 3. 


INCHES 


The refrigerating system consists of a paramagnetic salt 
and the reservoir to be cooled, suspended in an evacuated 


; H : 4 H chamber which is immersed in a liquid helium bath. In 
Write, for more information on the ADL Magnetic Refrigerator, 


thermal valve connecting it to the bath opened to pass the 

4 heat of magnetization to the liquid. After this valve is closed, 

rt ur t g ne the salt is demagnetized, and thus cools itself. The salt then, 
° 9 ° in turn, cools the reservoir by the opening of a similar 


thermal valve connecting them. This cycle repeats auto- 


30 Memorial Drive, Cambridge 42, Mass. matically. 
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SEPTEMBER SONG 


Many greetings are ordinarily extended to the 
graduating chemical engineers in June, but one 
may well wonder whether September is not a bet- 
ter time. It is in September that the full implica- 
tions of graduation become apparent. Examina- 
tions, term papers, dissertations are behind one, 
but in their places come many new challenges of 
even more consequence. It is in September that 
the summer letdown is forgotten and the neophyte 
engineer must come to grips with his new job. His 
performance at such a time is of great importance 
to him and to the organization which employs 
him, and it is entirely proper that his job should 
occupy his best and fullest efforts. 

Many adjustments must be made, since the 
change from academic to industrial environment 
is not a small one. There are a great many things 
to be learned in industry which are quite dif- 
ferent from those stressed in a university and, 
indeed, which cannot properly be taught there. 
First, of course, the details and techniques of the 
industry itself must be mastered. Second, the 
necessity for team work and the great importance 
of getting along with people will soon become ap- 
parent. Third, certain routines and channels of 
information must be learned so that work may be 
accomplished expeditiously. Thus the one-time 
college senior or new Ph.D. becomes a freshman 
again and a very busy one at that. 

In this transition period one bridge between 
academic and industrial life is our professional 
literature. Some of each man’s particular inter- 
ests, originating in college days, will certainly be 
covered in Chemical Engineering Progress and in 
the A.J.Ch.E. Journal, and no editorial encourage- 
ment to read such articles is needed. Further- 
more, of course, many new topics will assume in- 
terest and importance, as they will have bearing 
on the new job. Such articles will be of direct and 
immediate benefit in solving the problems at hand. 
The editor remembers very well how the solution 
to a particularly difficult problem which he met on 
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his first job was made possible because of the 
timely appearance of a fine communication in the 
Transactions of the American Institute of Chem- 
ical Engineers. 

However it is not the pursuit of particular in- 
terests with which we are concerned here. It is 
rather with the general reading of our profes- 
sional literature. In industry it is all too easy to 
become so specialized that one may forget the 
broader aspects of chemical engineering. It is dis- 
tressingly easy to lose sight of the fundamentals 
and the theory of our field, on which all the rest 
depends. One can be so carried away by practice 
and by details that the foundation is lost in the 
process. It is here that we hope that the A.J.Ch.E. 
Journal, with its array of distinguished authors, 
may be of particular value. Keeping up with the 
literature, with its constant reexamination and 
extension of basic theory, is an essential for the 
young man. We shall be publishing about one hun- 
dred papers each year, and at least half of these 
we expect to be concerned with subjects of gen- 
eral interest to the young graduate. Certainly, 
also, these papers should represent extensions of 
ideas and subjects with which the young engineer 
presumably once had some familiarity. The edi- 
tor’s plea to these men is to read the Journal care- 
fully. A program of one paper read each week 
would be a reasonable one, and such a plan would 
bring great satisfaction in keeping fresh and ac- 
tive the inquisitive, scientific attitude. 

From personal experience in industry the editor 
knows how easy it is to become wrapped up in 
the thrill of industrial enterprise and accomplish- 
ment and to forget the foundations on which the 
whole was built. Whether a new graduate hopes 
to remain an engineer, and to become a very fine 
one, or whether he wants to go ahead in the field 
of management and sales, keeping up with the 
literature is one of the best ways to assure the 
intellectual keenness and alertness on which any 
advancement depends. H. B. 
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CEC increases 


Consolidated’s Model 21-610 mass-spectrometer and its 


t he SCO ype O yf companion, the new Model 21-620, far excel all other instruments 


of comparable price in performance capabilities and reliability 


industrial mass spectrometry 


through two great 


in industrial environment. The extreme sensitivity of 
the 21-610—accurate to a few parts per million—qualify 
it for highly critical purity studies as well as process 
monitoring and control applications. Fitted with an 
accessory hand-held probe, either model serves as 

a leak detector for any gas within its mass-range. The 
21-620’s resolving power up to mass 150 further extends the 


applicability of an industrial mass-spectrometer to research 


instruments for process 


laboratories and medical centers, as well as to plants of chemical, 


petro-chemical, petroleum and gas industries. Nearly identical 


monitoring and control 


2 l -620 Except for slightly less sensitivity, the 


21-620 has all the capabilities of the 21-610 plus many 
others. Where the task is to analyze “heavy” gases or 
liquids, either in plant locations or in the laboratory, the 
21-620 process monitor mass-spectrometer is the ideal 
control instrument. 


in appearance, the 21-610 features the Diatron ion analyzer and 
the 21-620, a new cycloidal focusing analyzer. 


21-610 The 21-610 is completely self- 


contained, needing only 110 volts and a small quantity 
of cooling water for operation. Moderately priced, easily 
movable, and economical to operate, the 21-610 is in- 
dustry’s ideal instrument for chemical research, process 
control and leak detection. 
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CEC Service Engineers quick change of ion analyzers 
(right) adds flexibility to Consolidated’s two process moni- 
toring mass-spectrometers. A cycloidal focusing analyzer 
assembly of the 21-620 type is being mounted in the 
vacuum rack in place of the Diatron analyzer of the 21-610. 

The basic instrument can be augmented by many 
available accessories, thus broadening its application 
scope. At the far right, are a gas or light-liquid sample 
inlet system and chart recorder. 


Consolidated Engineering 


CORPORATION 
300 North Sierra Madre Villa, Pasadena 15, California 


Sales and Service through €E€ INSTRUMENTS, INC., a subsidi- 
ary with offices in: Pasadena, Atlanta, Chicago, Dallas, Detroit, 
New York, Philadelphia, Washington, D. C. 
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Investigate the application 
of industrial mass-spectrom- 
etry to your business. For 
full details about CEC’s two 
companion process monitor- 
ing mass-spectrometers, send 
for Bulletin CEC 1824A-X23. 
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Studies of Thermal Conductivity 
of Liquids 


BYRON C. SAKIADIS and JESSE COATES 


Louisiana State University, Baton Rouge, Louisiana 


Part I 


Values of thermal conductivity and temperature coefficients for fifty-three pure 
organic liquids, obtained with newly designed, extensively tested apparatus, are 
presented. For thirty-ome of these liquids values of thermal conductivity or tempera- 
ture coefficients have not. been previously reported. The statistically determined 
maximum error in the presented vaiues of thermal conductivity of liquids is +1.50%. 

A method of correlating the thermal conductivity of liquids based on a modified 
statement of the theory of corresponding states is presented. Group contributions 
to the thermal conductivity were calculated. The thermal conductivity of liquids 
was predicted by this method and the average deviation of the calculated from 
the observed values for forty-seven liquids is +1.50%. The proposed method of 
correlation permits the calculation of the thermal conductivity of a series of liquids 


at any temperature from a single known value. 


The thermal conductivity of 
liquids is an important physical 
property, the value of which is re- 
quired in the solution of most heat 
transfer correlations. The accuracy 
of the various correlations predict- 
ing these heat transfer coefficients 
cannot be better than the accuracy 
with which the thermal conductiv- 
ity is known. Until recently, never- 
theless, the available data were 
scanty and of doubtful accuracy. 
During recent years considerable 
effort has been expended in the 
experimental determination of the 
thermal conductivity of various 
liquids, but little progress has been 
made toward developing an ap- 
paratus that yields dependable re- 
sults. 

This paper presents experimental 
results on fifty-three pure organic 
liquids obtained with a newly de- 
signed, extensively tested appara- 
tus. The results are correlated on 
a semitheoretical basis from a 
modified statement of the theory of 
corresponding states. An alterna- 
tive theoretical equation for pre- 
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dicting the thermal conductivity of 
liquids is given in Part II. The two 
methods of correlation are mutual- 
ly supporting. 


APPARATUS 


The thermoconductimetric appara- 
tus was described in detail in an 
earlier publication(5), where the re- 
sults of a number of tests were also 
presented. The design features were 
decided upon as a result of previous 
experimental and theoretical studies 
(4,5) on the various features of 
previously used apparatus. 

The apparatus (Figure 1) is of 
the steady state type. In it the liquid 
layer is enclosed between two, 6-in.- 
diam. horizontal parallel steel bars 
and heated downward to eliminate 
convection currents. establish 
isothermal surfaces, the top and bot- 
tom bars are heated and cooled re- 
spectively by large amounts of water 
drawn from and returned to con- 
stant-temperature baths. The water 
rate is great enough to eliminate 
much temperature change after the 
water circulates through the ap- 
paratus. Heat flows in series through 
the liquid layer and a 4-in.-thick steel 
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bar. To improve the accuracy of 
measuring the heat flow, eighteen 
thermocouples were embedded in the 
steel bars in four layers at different 
positions from the center of the bars, 
and the heat flow was measured by 
means of the thermal conductivity of 
steel and the dimensions of the bar. 
The thermal conductivity of the piece 
of steel used in the apparatus was 
determined in a separate, specially 
constructed apparatus(5). Heat losses 
were minimized by enclosing the bars 
in a glass cylinder and providing 
thermal guarding. This feature also 
permitted visual observation of the 
liquid layer, the thickness of which 
can be varied and is measured by 
means of three micrometers. This 
makes it possible to study the pres- 
ence and effects of heat transfer by 
radiation across the liquid layer. rhe 
steel bars were nickel and chrome 
plated, the metal surfaces in contact 
with the liquid layer being highly 
polished. 


Method of Calculation. In this ap- 
paratus the thermal conductivity of 
the liquid may be calculated by two 
independent methods, an extrapola- 
tion method and an over-all-resis- 
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tance-to-heat-flow method. The ex- 
trapolation method, used by most in- 
vestigators, is based on the equation 
for heat conduction involving the 
temperature drop across the liquid 
layer which is obtained by extrapola- 
tion of the thermocouple readings to 
the metal-liquid boundaries. The equa- 
tion for heat conduction is 


k= (1) 


This equation assumes that the sur- 
faces are perfectly plane and that 
there are no surface effects of any 
kind. In practice this condition is 
simply not met. Even after careful 
plating and polishing, surface irregu- 
larities of about 0.0005 in. are com- 
mon. They introduce a considerable 
error in thin-liquid-layer apparatus. 

The over-all resistance to heat- 
flow method is based on calculating 
the resistance to heat flow due to the 
steel bars and the enclosed liquid 
layer. Hence 


Rr (2) 
where 


(At) = over-all temperature drop 
due to liquid layer and a known 
thickness of steel bars 

q = heat flow across liquid layer and 
bars 

Rk, = total resistance to heat flow (in- 
cluding effects due to surface 
irregularities and films) 


Rr Rs (3) 
and 
(4) 
kg A 

UL 
Rr 

where 


Ry, = resistance to heat flow due to 
steel bars alone (including ef- 
fects due to surface irregulari- 
ties and films) 

R, = resistance to heat flow due to 
liquid layer 


The resistance to heat flow due to 
the steel bars alone, Rx, is determined 
by making a run with the bars in 
direct contact. Subtracting this re- 
sistance from the resistance deter- 
mined for a given liquid thickness, 
R,, gives the resistance due to the 
liquid layer alone, R,, and the ther- 
mal conductivity of the liquid is cal- 
culated from Equation (5). 

The over-all resistance method is 
considered more correct because it 
takes into account the effect of sur- 
face irregularities and films. It also 
makes it possible to study the pres- 
ence and effects of any convection 
currents or other extraneous factors. 
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Precision of Measurements. The de- 
scribed apparatus was submitted to 
a number of tests to establish its 
accuracy and dependability. It was 
shown that, within the range of ex- 
perimental conditions, heat transfer 
by radiation across the liquid layer 
is negligible with no absorption tak- 
ing place. Evidence was also given to 
show the absence of convection cur- 
rents in downward heating. 

The described thermoconductimetric 
apparatus is used as a primary de- 
vice. The experimentally determined 
maximum error in the value of 
thermal conductivity of liquids is 
+1.50%, of which +1.0% is a statisti- 
eally calculated maximum uncer- 
tainty in the determined value: of 
thermal conductivity of steel. 


RESULTS 


The experimental results are 
presented in Table 1. The thermal 
conductivity of most liquids was 
determined at three temperatures 
equally spaced over the indicated 
temperature range, and the tem- 
perature coefficient was calculated 
from the results. 
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COMPARISON WITH LITERATURE 
VALUES 

An extensive literature survey 
has been made(3, 6) and values of 
thermal conductivity for numerous 
liquids have been collected, classi- 
fied, and evaluated. The more de- 
pendable results fall mainly into 
two groups differing consistently 
by about 5%. The first group com- 
prises the results of L. Riedel and 
H. L. Mason, determined with a 
similar type of thin-film apparatus 
in the period 1940 to 1954. They 
found low values of thermal con- 
ductivity and temperature coeff- 
cients. The second group comprises 
the results of O. K. Bates et al. 
and T. K. Slawecki, determined 
with a thick- and thin-film type of 
apparatus respectively in the peri- 
od 1933 to 1953. Their values of 
thermal conductivity are somewhat 
higher than those of the first 
group. 

A comparison of some values of 
thermal conductivity determined by 
the authors with values published 
by these two groups of investiga- 
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Fig. 1. Thermoconductimetric apparatus. 
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tors was made, and it was noted 
that the values of thermal con- 
ductivity of other investigators 
calculated by the extrapolation 
method (group 1) agree in general 
with the present authors’ values 
calculated by the same method but 
are about 5% lower consistently 
than the values calculated by the 
correct over-all-resistance-to-heat- 
flow method. The difference is due 
to surface irregularities and films 
(5). This effect may be evaluated 
also from the over-all resistance of 
the bars when in direct contact. 
The presence of surface irregu- 
larities and films would increase 
the resistance to heat flow of the 
bars. Hence, it was found that if 
all the surface effects are due to 
surface irregularities, they are of 
the order of 0.0008 in. Since the 
metal surfaces were carefully ma- 
chined, plated, and highly polished, 
at least to the same extent as in 
apparatus of other investigators, 
it is concluded that some of the 
best literature values of thermal 
conductivity are about 4 to 5% 
lower than the correct values. 

The apparatus used by Bates 
et al. is a thick-film apparatus. The 
liquid-layer thickness was about 2 
in. and the temperature drop 
across a given liquid-film thick- 
ness was determined by thermo- 
couples placed within the liquid 
layer with their hot junctions lo- 
cated approximately 1/4 in. apart. 
The values obtained by Bates et al. 
agree well with ihe results of this 
investigation calculated by the cor- 
rect over-all resistance method, 
which was to be expected as the 
liquid-film thickness is determined 
directly within the liquid layer and 
therefore is free of surface irregu- 
larities and films. 

Although the results of T. K. 
Slawecki were calculated by the 
extrapolation method they agree 
with the authors’ results calcu- 
lated by the over-all-resistance-to- 
heat-flow method, probably because 
the liquid-layer thickness, in the 
apparatus used by Slawecki, was 
determined by electrical capaci- 
tance methods, which should give 
a true average value. 

A comparison of the tempera- 
ture coefficients of thermal con- 
ductivity for some liquids with 
literature values was made, and it 
was noted that the temperature co- 
efficients of thermal conductivity 
determined in all thin-film types of 
apparatus are consistently lower 
than the values observed in this 
investigation; the values of Bates 
et al. are consistently higher. 


TABLE 1.—OBSERVED VALU 


kat 100°F., dk/di x 10 
B.t.u. /(hr.) B.t.u./(hr.) Temp. 
(sq. ft.) (sq. ft.) range, Source, 
Liquid (°F. /ft.) (°F./ft.)/°F. purity 

n-Hexane 0.0714 —1.40 91-135 9a 
n-Heptane 0.0725 —1.30 91-170 7b 
n-Octane 0.0751 —1.15 93-170 9a 
n-Nonane 0.0777 —1.30 92-171 9a 
n-Decane 0.0770 —1.40 106-169 7b 
n-Hexene-2 0.0715 —1.60 100-131 9c 
n-Heptene-2 0.0747 —1.30 91-170 9a 
n-Octene-2 0.0769 —1.40 92-171 9c 
n-Octene-1 0.0740 —1.40 103-172 9c 
2-Methyl pentane 0.0617 —1.00 87-121 9a 
3-Methyl pentane 0.0628 —1.00 89-128 9a 
2, 2-Dimethyl butane 0.0560 —0.93 85-110 9a 
2, 3-Dimethyl butane 0.0592 —0.80 86-122 9a 
2, 2, 4-Trimethyl pentane 0.0560 —1.05 101-171 9a 
2, 2, 5-Trimethyl hexane 0.0623 —1.40 94-171 9a 
Methyl alcohol 0.1187 —1.77 95-138 lb 
Ethyl alcohol 0.0981 —1.20 95-167 10b 
n-Propyl alcohol 0.0912 —0.95 95-168 6b 
n-Butyl alcohol 0.0885 —1.02 94-170 lb 
n-Amy] alcohol 0.0863 —0.91 94-170 5d 
n-Hexyl alcohol 0.0878 —0.93 94-170 5d 
n-Heptyl aléohol 0.0903 —0.81 95-169 5b 
n-Octyl alcohol 0.0927 —1.00 95-170 7d 
n-Decy] alcohol 0.0947 —1.18 95-170 5d 
i-Propyl alcohol 0.0814 —0.95 94-171 8b 
?-Buty! alcohol 0.0803 —0.81 94-170 5b 
tert-Buty] alcohol 0.0670 —0.75 93-171 5b 
Ethylene glycol 0.1510 +0.36 97-169 7b 
Propylene glycol 0.1215 —0.35 96-169 4b 
Glycerol 0.1789 +0.53 96-171 7b 
Depropylene glycol 0.1007 —1.08 96-169 3c 
Methyl acetate 0.0931 —1.92 96-120 7d 
Ethyl acetate 0.0826 —1.62 106-145 6b 
Propyl acetate (7- 0.0796 —1.40 99-169 5b 
Buty! acetate (n- 0.0795 —1.26 98-170 7b 
Amy]l acetate (7-) 0.0782 -1.25 96-170 5b 
Octyl acetate (n- 0.0815 —1.45 104-170 2b 
Methyl! propionate 0.0849 —1.55 108-145 7b 
Ethyl propionate 0.0800 —1.55 107-168 7 
Propy! propionate (7- 0.0795 —1.34 108-170 5b 
Amyl propionate (n- 0.0790 —1.39 106-169 7b 
Ethyl butyrate (n- 0.0781 —1.38 107-169 5b 
n-Amy| chloride 0.0676 —0.85 108-169 7b 
1-Chlorodecane 0.0754 —1.23 106-169 5b 
n-Propy] bromide 0.0571 —1.19 96-136 5b 
n-Butyl bromide 0.0581 —1.13 103-170 5b 
n-Amyl bromide 0.0599 —1.06 102-170 5b 
n-Hexyl bromide 0.0614 —1.02 96-169 5b 
n-Propyl iodide 0.0503 —0.90 105-170 5b 
n-Heptyl iodide 0.0573 —0.98 102-169 5b 
Nitromethane 0.1170 —1.97 110-168 5b 
Nitroethane 0.0962 —1.55 108-168 5b 
1-Nitropropane 0.0873 —1.44 110-169 5d 
* 

1 Allied Chemical & Dye a. Pure, 99 mole % min. ; 

2. Brothers Chemical b. Reagent, research, Eastman-highest purity. 

3. Carbide & Carbon c. Technical, 95 mole “% min. 

1. City Chemical d. Practical, 95-98°% 


5. Eastman Kodak 

}. Fisher Scientific 

7. Matheson, Coleman & Bell 
8. Merck 

9. Phillips Petroleum 

. U.S. Industrial 


— 


The difference between the val- 
ues observed in this investigation 
and those of Bates et al. is due to 
the effect of heat transfer by radi- 
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ES OF THERMAL CONDUCTIVITY 


ation across the liquid layer in the 
apparatus used by Bates, which 
amounted to about 7% of the heat 
flow by conduction. Bates did not 
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correct for this heat transfer by 
radiation. Since for a given liquid- 
film thickness the heat transfer by 
radiation is greater for the higher 
or hotter section of the liquid 
layer than for the colder section, 
the calculated coefficient of thermal 
conductivity will be higher than 
the correct value, as noted. If the 
results obtained by Bates are cor- 
rected for the heat flow by radia- 
tion across the liquid layer, it will 
be found that the published values 
of thermal conductivity are about 
0.8% high. The corrected values of 
the temperature coefficient agree 
in general with the values observed 
by the authors. 

The low values of the tempera- 
ture coefficient obtained with all 
thin-film apparatus are most prob- 
ably due to the thermal expansion 
of the copper cylinders. 

The accuracy of the results of 
this investigation, presented in 
Table 1, can also be shown indi- 
rectly by a comparison of the tem- 
perature coefficients for the homo- 
logue members of the alcohol series, 
which were fairly pure liquids. It 
will be noted that the temperature 
coefficients vary regularly from 
member to member, as expected. 
A plot of the temperature coeffi- 
cients as a function of the number 
of carbon atoms was made, and a 
smooth curve drawn through the 
experimental points. The maximum 
deviation of any point from the 
curve was noted to be +0.08 X 10-4 
For a temperature range of 74°F. 
covered in this investigation this 
corresponds to a maximum devia- 
tion of +0.65% in the values of 
thermal conductivity, including the 
deviation due to any impurities in 
the liquids. The temperature coeffi- 
cients for the same liquids deter- 
mined by other investigators vary 
irregularly from liquid to liquid. 


CORRELATION OF RESULTS 


The basic conditions underlying 
the theory of corresponding states 
have been clearly stated(2). If all 
the conditions are met, it can be 
shown(2) that two systems should 
exhibit corresponding behavior if 
they are at the same reduced tem- 
perature and pressure or volume. 
Most liquids actually do not meet 
all the conditions; however, a cor- 
responding-states behavior could 
arise under some other circum- 
stances than those given, although 
the detailed behavior would be dif- 
ferent. 

Such a situation would arise 
when homologous members of the 


Page 278 


TABLE 2.—STRUCTURAL CONTRIBUTION TO THE THERMAL CONDUCTIVITY 
oF LIQuIDs AT T, = 0.6 


dk, B.t.u./ 
(hr.) (sq.ft.) 
Aliphatic aleohols —OH (°F ./ft.) 
—0.0070 
+.0.0070# 
—Br —0.0248 
—I —0.0310 
Nitrated “alkanes: —NO, 0* 
Isomerization 
For 1 —CH,group —0.0060 
For 2 —CH, groups —0.0104 
For 3 —CH, groups —0.0142 
Bonding 
One double bond= +0.0010 
Effective Number of Carbon Atoms, x 
Aliphatic hydrocarbons .........+..++ C, Hon, 2 
Aliphatic alcohols C,,Ho, ,,0H 
,,Br «= n+l 
411 = n+2 
*The first members of associated series such as alcohols and nitrated alkanes, have an abnormally 
high thermal conductivity; however, their relative values are consistent w ith the contributions given 
in Table 2 lence any member of the alcohol series will differ from a corresponding member of 
the nitrate alkane series by 0.0070 B.t.u./(hr.) (sq.ft.) (°F|/ft.), including methyl alcohol and _ nitro- 


methane. However methyl alcohol will differ by more than 0.0070 from the first member of the 


hydrocarbon series or methane. 


same series are considered. Hence 
the condition that all molecules 
should be spherically symmetrical 
could be changed to mean a group 
of nonspherical molecules having 
the same shape factor. This changes 
also the condition that the poten- 
tial energy is a function only of 
intermolecular distance to a con- 
dition in which the _ potential 
energy has the same proportional 
dependence of potential on angular 
orientation. This permits the in- 
clusion of polar substances. Finally 
the potential function may have a 
different shape, but it will be ex- 
pected to vary uniformly. 

The theory of corresponding 
states may then be stated on a 
broad basis in a different form. 
The same members of two different 
series will exhibit corresponding 
behavior to the same other mem- 
bers of their respective series, pro- 
vided they are at the same reduced 
temperature and pressure. Since 
the effect of pressure on thermal 
conductivity is relatively small(1), 
the reduced pressure may be omit- 
ted from the correlation. Hence a 
plot of thermal conductivity as a 
function of number of carbon 
atoms, for the chain compounds, at 
the same reduced temperature 
should result in a family of curves 
of similar shape. Such a plot is 
shown in Figure 2. As predicted, 
the curves are parallel and have 
the same shape. The contribution 
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to the thermal conductivity of a 
given functional group or atom in 
the molecule was determined by 
taking the hydrocarbon series as a 
basis and obtaining the difference 
between it and other series. These 
contributions are presented in 
Table 2. 

It will be noted that the effective 
number of carbon atoms, 2, is not 
the same for all series. It is clear 
that the size of the substituted 
atoms or functional groups, and 
the polarity of the molecule, which 
affect the shape factor and inter- 
molecular forces, determine the 
value of x. 

A theoretical equation for pre- 
dicting the thermal conductivity 
of liquids will be derived in Part 
II. According to the theoretical 
equation 


k= C,U.peL (6) 

Substituting an empirical equa- 

tion for the velocity of sound in 

Equation (6) (Part II) results in 

mM’ 


k (7) 


Values of the variables involved 
at 68°F. for members of the hydro- 
carbon and alcohol series are tabu- 
lated (Table 3) for purposes of 
comparison. 
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It will be noted that the specific 
heat and the critical density are 
approximately constant for mem- 
bers of the same series; whereas 
the intermolecular distance, L, 
varies somewhat from member to 
member. At the critical tempera- 
ture Equation (7) may be ex- 
pressed as follows, 


k=CY (8) 


where 


C=C, ¢,4, group constant for a 
given series 

Y = R® L/M8, group consisting of 
additive factors 


If the small variations observed 
are neglected, the function Y may 
also be taken as a constant for a 
given series. Hence it may be pre- 
dicted as a good approximation 
that at the critical temperature the 
thermal conductivity of a homolog- 
ous series will be a constant and 
the same for all the members of 
the series. A plot of thermal con- 
ductivity of a given series as a 
function of reduced temperature, 
with the number of carbon atoms 
aS a parameter, will result in a 
family of curves converging to a 
point at 7,=1.0. Such a plot for 
the hydrocarbon series is shown in 
Figure 3. Only the last five mem- 
bers of the series were studied, the 
remaining members being used as 
a reference for the other series. 
It will be noted that, as expected, 
the convergence points for both the 
normal and associated liquids are 
arranged in the order of their 
relative critical densities. The 
method of calculation may be shown 
by an example. 


Illustration. Calculate the thermal 
conductivity of i-butyl alcohol at 
100.0°F. 


Data: T,=995.0°R. 


Effective carbon atom number «=n=4 
Structural contribution —OH 

+0.0070 
—0.0060 


net -++0.0010 


1 Isomerization 


In Figure 3 locate the reference point 
for butane, at T,=0.6, 0.0775. Add 
0.0010 and locate new point, 0.0785. 
Connect the new point with the con- 
vergence point for alcohols by a 
straight line. Read the value of ther- 
mal conductivity at T,— 0.563 
(100.0°F.), k=0.0818 B.t.u./ (hr.) 
(sq.ft.) (°F./ft.). The observed value 
at the same temperature is 0.0803 
B.t.u./ (hr.) (sq.ft.) (°F./ft.). 

This method of correlation was 
used to predict the thermal conduc- 
tivity of the liquids tested in this 
investigation. Representative results 
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TABLE 3 
L X 10°, 

Liquid B.t.u./ (Ib.) (°F.) ft. lb./cu.ft. 


The ratio R/M has been calculated also for a few liquids: 


Liquid R/M 

e O15 

LEGEND 
Alcohols 
ors |Hydrocarbons 4 


Esters Acetate o 


Propionate 
Butyrate ° 


Alky! Bromides * 


© 
= 
& 
a 
bet 2 3 a 5 6 7 8 9 10 i" 


Fig. 2. Thermal conductivity vs. effective number of 
carbon atoms. 


are presented in Table 4. 

The average deviation of the calcu- 
lated from the observed values of 
thermal conductivity for the forty- 
seven liquids is +1.50%. The maxi- 
mum deviation is about +6.0%. Con- 
sidering the purity of the liquids in- 
volved, the observed average devia- 
tion is satisfactory. It will be noted 
that the method of correlation was 
tested with respect both to the ther- 
mal conductivity and its temperature 
coefficient. 

At any one temperature the ther- 
mal conductivity appears both to in- 
crease and to decrease with increas- 
ing molecular weight, as in the case 
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of the hydrocarbons and aliphatic 
alcohols respectively. At the same 
reduced temperature, however, the 
thermal conductivity for all liquids 
decreases with molecular weight. 
This method of correlation permits 
the calculation of the thermal con- 
ductivity of a series of liquids at any 
temperature from a single known 
value for one member. The conver- 
gence point may be established readily 
from its critical density. A straight 
line connecting the known experi- 
mental value with the convergence 
point will pass through the T,=(6 
point, the effective value of x being 
determined from the structure of the 
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molecule. The value read at 0.67, 
and the effective value of x will estab- 
lish the structural contribution of the 
functional group in the series. The 
thermal conductivity at any tempera- 
ture, for any member of the series, 
is then readily determined. The re- 
quired single value may be calcu- 
lated from the theoretical equation 


presented in Part II, in which case 
no experimental data are needed. 


SUMMARY 

Observed values of thermal con- 
ductivity and temperature coeffi- 
cients are presented for fifty-three 
pure organic liquids. Values of 
thermal conductivity or tempera- 


ture coefficients for thirty-one. of 
these liquids have not been previ- 
ously reported. It is indicated that 
the best literature values of ther- 
mal conductivity are most probably 
low, on account of surface effects 
that were not considered in most 
investigations. 


0.14 T ] 
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Fig. 3. Thermal conductivity of liquids vs. reduced temperature. 


TABLE 4.—COMPARISON OF SOME EXPERIMENTAL VALUES OF THERMAL CONDUCTIVITY WITH VALUES CALCULATED BY 
CORRELATION BASED ON THE THEORY OF CORRESPONDING STATES 


Liquid 
n-Heptane 972.0 
n-Nonane 1060. 0* 
Heptene-2 975 .0* 
n-Propyl alcohol 966 .0 
n-Hexyl alcohol 1102 .0* 
Methy] acetate 912.0 
Amy] acetate 1090. 0% 
Ethyl propionate 984.0 
Ethyl butyrate (7-) 1020.0 
1-Chlorodecane 1340.0* 
n-Hexyl bromide 1210.0* 
n-Propyl iodide 1074 .0* 
Nitroethane 1004 .0* 
2-Methyl pentane 895.0 
2, 2-Dimethy] butane 885.0 
2, 2, 4-Trimethyl pentane 980.0 
i-Butyl alcohol 995 .0 


*Estimated values. 
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0.567 0.0738 0.0737 +0.14 
0.520 0.0785 0.0787 +0.25 
0.565 0.0755 0.0759 —0.53 
0.574 0.0922 0.0917 +0.54 
0.502 °0.0867 0.0884 —1.92 
0.610 0.0985 0.0989 —0:43 
0.510 0.0782 0.0788  —0.76 
0.565 0.0807 0.0808  —0.12 
0.555 0.0768 0.0771 —0.39 
0.422 0.0745 0.0747 0.27 
0.460 0.0613 0.0618 —0.81 
0.526 0.0510 0.0498 +2.41 
0.566 0.0945 0.0950 —0.52 
0.610 0.0637 0.0630 41.11 
0.616 0.0590 0.0574 +2.78 
0.573 0.0575 0.0559  +2.86 
0.555 0.0825 0.0808  +2.10 


tk=B.t.u./(hr.)(sq. ft.) (°F. /ft.) 


Ray. % Dev. t 
0.648 0.0637 0.0634 +0.47 
0.595 0.0691 0.0685 +0.87 
0.646 0.0651 0.0656 —0.61 
0.650 0.0840 0.0847 —0.83 
0.571 0.0807 0.0813 —0.74 
0.635 0.0887 0.0893 —0.67 
0.578 0.0695 0.0695 0 
0.635 0.0703 0.0699 +0.57 
0.616 0.0683 0.0686 —0.44 
0.469 0.0683 0.0669 +2.10 
0.520 0.0544 ().0544 0 
0.586 0.0445 0.0440 +1.13 
0.625 0.0860 0.0857 +0.35 
0.650 0.0591 0.0596 —0.84 
0.644 0.0560 0.0551 +1.63 
0.644 0.0507. 0.0486 +4.31 
0.632 0.0757 0.0746 +1.47 


tPercentage deviation of calculated from observed values. 
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A method of correlating the 
thermal conductivity of liquids 
based on the theory of correspond- 
ing states has been developed and 
has been tested on a large number 
of liquids. The thermal conduc- 
tivity of a series of liquids may be 
determined from one known value, 
at any one temperature, of one of 
its members. 
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NOTATION 


A = heat transfer area, normal to 
heat flow, sq.ft. 


Part II 


C, = specific heat at constant pres- 
sure, B.t.u./ (Ib.) (°F.) 

C = group of constants 

k =thermal conductivity, B.t.u./ 
(hr.) (sq.ft.) (°F./ft.) 

L = mean available intermolecular 
distance, surface to surface, 

M = molecular weight, Ib. 

nm = number of carbon atoms 

q=rate of heat flow, B.t.u./hr. 

R = resistance to heat flow, (°F.) 
(hr.) /B.t.u. 

R = additive constant 

T = absolute temperature, °R. 

t = temperature, °F. 

U, = velocity of sound, ft./sec. 

= effective number of carbon 
atoms 

x = thickness, ft. 

Y = group of additive factors 

= density, lb./cu.ft. 

At = temperature drop, °F. 

(At) = over-all temperature drop, 
oF 


Subscripts 


c = critical 


L = liquid 

r = reduced 
S = steel 

T = total 
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An equation for predicting the thermal conductivity and its temperature coefficient of pure organic liquids has been derived 
on the basis of a particular molecular arrangement in the liquid. The equation is applicable to both normal and associated liquids. 
Detailed methods and tables are given in the Appendix for predicting the variables involved where no data are available. The 
equation has been tested on forty-two liquids, and the average deviation of the calculated from the observed values of thermal 


conductivity is + 2.6%. 


In Part I the values of thermal 
conductivity observed in this in- 
vestigation were correlated on the 
basis of a modified statement of 
the theory of corresponding states. 
This method requires at least one 
experimental value. This part of 
the series presents the results of 
an attempt to derive without ex- 
perimental information a simple 
theoretical equation for the predic- 
tion of thermal conductivity and 
its temperature coefficient. 

The equation is derived on the 
basis of a particular molecular ar- 
rangement in the liquid, consistent 
with the results of X-ray diffrac- 
tion studies in liquids. It has been 
tested on a large number of liquids 
(see Part I). The success of the 
equation in predicting the thermal 
conductivity of liquids, both nor- 
mal and associated, justifies indi- 
rectly the assumptions made in its 
derivation and throws light on the 
mechanism of heat conduction in 
liquids. 


PREVIOUS WORK 


A number of equations, mostly em- 
pirical, for predicting the thermal 
conductivity of liquids have been pre- 
sented. None of the theoretical equa- 
tions appear to be satisfactory, as 
the predicted values of thermal con- 
ductivity vary widely from experi- 
mental data, and the empirical equa- 
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tions relating the thermal conduc- 
tivity to other liquid properties are 
little better. The theory of the liquid 
state has not been developed to the 
point where a satisfactory equation 
for thermal conductivity may be 
arrived at without vitiating assump- 
tions. An equation with as simplified 
a theoretical background as possible 
is therefore desirable. 

One such equation was developed 
in 1923 by P. W. Bridgman(1), who 
assumed that the liquid molecules 
were arranged in a cubical lattice, 
at a distance d ft. apart, vibrating 
about centers, 


The total energy of a molecule was 
taken as 38RT/N(3/2RT/N_ kinetic 
energy and 3/2RT/N _ potential 
energy), or 1/2RT/N for each de- 
gree of freedom. This was assumed 
to be propagated along a row of 
molecules with the velocity of sound 
U, ft./sec. in the liquid. Bridgman 
obtained the equation 


B.t.u./(hr.) (sq. ft.) (°F. /ft.) 


Kardos(8) in 1934 modified Bridg- 
man’s equation to avoid specifying 
the amount of molecular energy. He 
considered an energy drop between 
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adjacent molecular surfaces and sub- 
stituted the distance L between the 
surfaces of adjacent molecules, in- 
stead of the distance d of their cen- 
ters. He arrived by a reasoning simi- 
lar to that of Bridgman at the 
following relation: 


k = LUspCp 


The difficulty in using this equation 
lies in the finding of suitable values 
for the variables involved. Kardos 
suggested that as a first approxima- 
tion L be assumed constant and equal 
to 3.12 X 10-19 ft. 

The thermal conductivity of twenty- 
eight liquids was calculated by use 
of Bridgman’s and Kardos’ equations. 
The average deviation of the calcu- 
lated from the observed values of 
thermal conductivity was found to be 
+15 and +23% respectively. The 
maximum deviation is +40% and 
+104% respectively; hence it would 
appear that the assumption of a con- 
stant L in Kardos’ equation is not 
tenable if reasonably accurate values 
are required. 

The theoretical equation proposed 
by Kardos will be interpreted on the 
basis of recent developments, and 
methods for determining the vari- 
ables involved given. It will be shown 
that when the variables involved are 
properly evaluated the predicted 
values of thermal conductivity agree 
well with the values of thermal con- 
ductivity observed in this investiga- 
tion. 
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The derivation of an equation for 
thermal conductivity requires the use 
of a model of the liquid state and 
the assumption of a mechanism of 
heat conduction. The model of liquid 
state considered here originates from 
the results of X-ray-—diffraction 
studies of liquids. 


BASIC CONCEPTS 


The liquid state differs from the 
gas state in that the individual 
molecules are affected considerably 
by the presence of their neighbor- 
ing molecules. It differs from the 
solid state in that the molecules 
have a certain degree of freedom 
on the macroscopic scale. The set- 
ting of a temperature gradient 
across a liquid layer should result 
in the formation of isothermal 
planes of liquid molecules having 
the same mean energy. This ar- 
rangement will cause the molecules 
to move in the direction of heat 
flow only. Owing to the large in- 
termolecular forces existing in the 
liquid state, only a small fraction 
of the total energy is transferred 
by individual molecules over rela- 
tively long distances. The greater 
part of energy transfer takes place 
by the distant action of neighbor- 
ing molecules, much in the same 
way that mechanical motion is 
transferred from point to point 
along a vibrating network of 
spheres connected by springs. Fur- 
ther, as a good approximation it 
can be assumed that on the aver- 
age the energy transferred in a 
given time by a molecule moving 
freely in the direction of heat flow 
is equal to that transferred by a 
molecule vibrating about a mean 
position during the same time. This 
simplified model is substantially in 
agreement with the “cybotactic 
state” proposed by G. W. Stewart 
and coworkers(17) (see also 14) 
for isothermal conditions. G. W. 
Stewart attributes a “microcrystal- 
line” structure to a liquid by as- 
suming the presence of a large 
number of “cybotactic groups.” 
These groups are not permanent 
and do not have sharp boundaries 
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Fig. 1. Heat transfer mechanism with assumed molecular model. 


as in a crystal. Rather, over any 
appreciable time there are a great- 
er number of these groups than 
of groups having completely dis- 
ordered arrangement. The more 
elongated the molecule, as in a 
chain, the better the arrangement 
within the groups. The existence 
of a temperature gradient in a 
liquid layer should favor such an 
internal molecular arrangement. 

In the case of a long-chain-hy- 
drocarbon liquid, such as n-hep- 
tane (similar considerations apply 
to different-shaped molecules), the 
molecules in the liquid layer are 
oriented end to end on long chains 
in a two-dimensional pattern. The 
chains or layers repeat themselves 
throughout most of the liquid layer, 
some chains occasionally being dis- 
ordered by molecules assuming dif- 
ferent orientation; some groups 
may be broken up and new ones 
formed. 

The process of heat conduction 
may be visualized as shown in 
Figure 1. In step A the molecules, 
represented by shaded rectangles, 
are in an assumed starting posi- 
tion. In step B molecule 1 moves 
toward a hotter molecule and mole- 
cules 2 and 3 move toward each 
other to collide. Molecule 1 on 
reaching the hotter molecule col- 
lides with it, picks up excess 
energy, and starts back. In step C 
molecule 1 collides with molecule 
2, gives up its excess energy, and 
bounces back toward the hotter 
molecule again. In step D molecule 
2 collides with molecule 3, giving 
up its newly gained excess energy. 
Steps B and C are repeated indefi- 
nitely. There is little or no lateral 
motion as adjacent molecules have 
the same mean absolute energy and 
the container walls are well in- 
sulated. 

In Figure 1 the cross-sectional 
area of the molecules is represented 
as a rectangle, but no molecule has 
such sharp-edged boundaries. X- 
ray diffraction studies of the in- 
ternal structure of molecules show 
that the carbon atoms in the mole- 
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cule are arranged in a zigzag pat- 
tern at definite angles and dis- 
tances apart, with the hydrogen 
atoms attached at definite positions 
in the chain. If each atom is visual- 
ized not as a point mass, but as 
distribution of charges in space, 
the molecule will appear like a rod 
with rough edges. The space occu- 
pied by this rod cannot be pene- 
trated by any ‘other molecule and 
represents the minimum volume or 
molecular volume at absolute zero 
v,. For purposes of calculation it is 
easier to represent the minimum 
volume by a parallelopiped with 
height and width d equal to the 
diameter of the rod. The cross sec- 
tion of the molecule then may be 
represented by a rectangle, as in 
Figure 1. 

At absolute zero the molar vol- 
ume V, is simply the sum of the 
minimum molecular volumes, or 


N 
= (1) 


As the temperature increases, the 
molecules begin to vibrate and the 
molar volume increases. The dif- 
ference between the molar volume 
V at a given temperature and that 
at absolute zero is simply empty 
space within which the molecules 
move. As a consequence of the 
foregoing assumption that the 
molecules vibrate about fixed 
equilibrium positions, the available 
volume V,=V—V, will be dis- 
tributed around the minimum mole- 
cular volume, as shown in Figure 
1 by dotted lines. It is clear there- 
fore that according to the sug- 
gested mechanism of heat conduc- 
tion, the significant intermolecular 
distance is the available distance 
between the molecular surfaces L 
and not the molecular diameter d. 


DERIVATION OF EQUATION 
An energy drop of 


dQ/N 
dT az (2) 


per molecule along a row of médle- 
cules in the direction of heat flow, 
where «=d+UL, may be con- 
sidered. If it is assumed that heat 
is transmitted through the liquid 
with a velocity equal to the velocity 
of sound in the liquid U,, the total 
energy, passing a fixed point in a 
row of molecules per unit time, is 
the product of the energy dif- 
ference and the number of steps 
contained in a row U, ft. long, or 
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TABLE -1.—COMPARISON OF SOME EXPERIMENTAL VALUES OF THERMAL CONDUCTIVITY WITH VALUES CALCULATED BY 
THEORETICAL EQUATION (8) AT 68°F. 


Robs: 


Cc 


R 


calc? 
B.t.u. /(hr.) (sq. ft.) / B.t.u./(Ib.) p LxX<10-9, B.t.u./(hr.) (sq. ft.)/ 

Liquid (°F. /ft.) (°F.) ft. /sec. Ib. /cu. ft. ft. (°F. /ft.) % Dev.* 
n-Heptane 0.0767 0.526 3786 42.60 0.253 0.0773 +0.8 
n-Amy] alcohol f 0.0892 0.560 4111 50.70 0.218 0.0916 +2.7 
Octene-2 0.0814 0.503 t 3973 t 45.00 0.249 0.0806 —1.0 
n-Octyl acetate 0.0861 0.485 t 4240 54.20 0.207 0.0831 —3.6 
Ethyl propionate 0.0850 0.457 3940 t 55.50 0.239 0.0860 +1.2 
Ethylene glycol 0.1498 0.575 5490 69.40 0.181 0.1428 —49 
Glycerol 0.1772 0.570 6249 78.60 0.172 0.1734 —2.2 
2, 2-Dimethyl butane 0.0590 0.518 3320 t 40.45 0.231 0.0579 —1.9 
i-Propyl alcohol 0.0844 0.596 3900 49.00 0.214 0.0877 +3.9 
n-Amyl bromide 0.0633 0.295 t 3720t 75.90 0.207 0.0621 —19 
n-Propyl iodide 0.0532 0.205 t 3190t 109.00 0.210 0.0539 +1.3 
n-Amy| chloride 0.0703 0.440f 3885 t 55.00 0.216 0.0731 +4.0 

*Percentage of deviation of calculated from observed values of thermal conductivity. 

For methyl and ethyl alcohol, nitromethane and nitroethane, the molecular length is much smaller than the 
liameter, and a different molecular arrangement becomes necessary. 

tEstimated values. 

dQ/N dT U. where C, = specific heat at con- where, as 
—L — stant pressure, B.t.u./ 
(Ib.) (°F.) z=2=d+L 

The total energy transfer across U,= velocity of sound in 
unit area is the product of the - the liquid, ft./hr. v=(d+L)’y (7b) 
energy transfer across a single row 2 = liquid density, lb./cu.ft. 
and the number of rows in unit L = available intermolec- 
cross section, or ular distance, ft. Substituting values in Equation 


) 
dT 


(3) 

dx / (yz) 

where yz = cross-sectional area cor- 

responding to the dimension 2. 
The equation for heat conduc- 

tion per unit area is stated as 


Substituting Equation (8) in (4) 
and solving for thermal conduc- 
tivity results in 


1Q/N 1 
dT 


as by definition 


_ MC, 
( (6) 


where M = molecular weight, lb. 
C, = specific heat at con- 
stant pressure. B.t.u. 
(b.) (°F.) 


Also the molecular volume v is 


= (7) 
where « = liquid density, lb./cu.ft. 
Substituting Equations (6) and 
(7) in (5) and canceling terms re- 
sults in 


k=C,U,. pL (8) 
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k = thermal 


conductivity 


of liquid, B.t.u./ (hr.) 


(sq.ft.) (°F./ft.) 


The significance of the intermolec- 
ular distance L will be shown by 
consideration of n-heptane. 


n-Heptane at 68°F. 


Data. 


k = 0.0767 B.t.u./ (hr.) 
ft.) (°F./ft.), value 


(sq. 
ob- 


served in this investi- 


gation 
C, = 0.526 B.t.u./ (Ib.) (° 
= 42.60 lb./cu.ft. 
U, = 1.364 X 10° ft./hr. 


Substituting the given data 
Equation (8) and solving for L re- 
sults in 


L = 0.251 X 10 ft. 


F.) 


in 


X-ray—diffraction studies by G. 


W. Stewart and coworkers have 
shown that the diameter of the 
heptane molecule at about 68°F. is 
1.77 X 10-9 ft.(5.40 A.) This di- 
ameter actually corresponds to the 
dimension x shown in Figure 1, or 


d+L=1.77X10 ft. 


It was stated above that the molec- 
ular volume for heptane may be 
taken as a parallelopiped, or 


N 
V= =v (9) 
and 
v= =(d+L)yz (7a) 
pN 
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(7a) results in 


100.20 
42.62.73 10” 
8.6110 cu. ft. 


and 


-27 


8.61X 10 


(1.77X10 ) 
2.752 X 10 ft. 


It will be shown in the Appendix 
that the dimension y is actually 
equal to the molecular length /, or 
in other words there is no avail- 
able volume between the ends of 
the molecules in a given layer, as 
if the molecules were arranged in 
a long continuous chain. If the in- 
termolecular distance L is the only 
available distance, it should be 
possible to calculate the minimum 
molecular volume at absolute zero 
as follows: 

(10) 


2 
vy,=d il 


Hence 


d = 1.77 X10 — 0.251 X 10 = 


1.519 X 10. ft. 
=(1.519x 10°} (2.752 10°) 
6.35 X 10 cu. ft. 
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If the density at absolute zero is 
available, the obtained answer can 
be checked; however, the results 
can be checked by a different meth- 
od if the critical density is known. 
For n-heptane, o, = 14.58 lb./cu.ft. 
The critical volume is next calcu- 
lated by Equation (7), or 


100.20 


= 


14.58 X 2.73 x 10° 
25.2 X10 cu. ft. 


The ratio of the critical volume to 
the volume at absolute zero is 


It is important to note that accord- 
ing to van der Waals’ equation 


= 3v0 


Further it is found experimentally 
that v, is more nearly equal to 4v» 
than 38vy9, in agreement with the 
value calculated above. 

Berthelot’s equation gives 


= Avo. 


It is clear then that, if the ratio of 
the critical volume to the volume 
at the absolute zero is known, the 
thermal conductivity of a liquid 
can be calculated by reversing the 
illustrated procedure. For the case 
of n-heptane the ratio m was calcu- 
lated by a method given in the Ap- 
pendix and found to be equal to 
3.98. By use of this value of m, 
the thermal conductivity of n-hep- 
tane was found to be 0.0773 B.t.u., 
Chr.) (sq-ft.) (°F ./it.),. or 0.8% 
higher than the observed value. 

It should be emphasized that the 
value of L will vary from liquid 
to liquid and is a function of tem- 
perature, becoming zero at the 
absolute zero. Kardos erroneously 
assigned a constant value to it. 

Methods of calculating the vari- 
ables involved in Equation (8) are 
given in the Appendix. 


COMPARISON WITH 
EXPERIMENTAL VALUES 
Equation (8) was used to pre- 

dict the thermal conductivity of 

the liquids used in this investiga- 
tion (16). The variables involved 
were calculated by the methods out- 
lined in the Appendix. Representa- 

tive results are shown in Table 1. 
In the calculation of the thermal 

conductivity of. isomers it was 

noted that a systematic deviation 
occurred. This was corrected as 
follows. 
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For isomers where n = 1, v./Uc = 
v./vo [Equation (20) ]—0.23. (See 
Appendix, Table 4.) 

For higher values of n the cor- 
rection is probably 0.23n, but there 
are no substantiating data avail- 
able. The average deviation of the 
calculated from the observed values 
of thermal conductivity for forty- 
two liquids was found to be +2.6%. 
The maximum deviation was about 
+6%. Considering the errors in- 
troduced by the necessity for esti- 
mating two or more variables for 
some liquids, and the purity of the 
liquids involved, the observed aver- 
age deviation is satisfactory. The 
method of calculation is shown by 
an example: 


ILLUSTRATION 1. Calculate the ther- 
mal conductivity of propyl acetate 
at 68°F. 


Data C, = 0.459 B.t.u./ (Ib.) (°F.) 
= 55.40 lb./cu.ft. 
T= 988.5°R. 
M = 102.13 
U, = 3912 ft./sec. 
0, = 18.42 Ib./cu.ft. 
T; = 321.0°R. 


Calculation of ratio of critical to 
minimum molecular volume, v./Vo 


/2— 
Po/ Pe T_T, 


(20) 


68°F 


w, = 0.1473 [Eq. (22)] 


= 0.1298 [Eq. 22)] 


68°F 


p. = 62.95 lb. /cu. ft. 


18.42. 


| (aes 
8. 

4.0 


Po/ Po= 2 


No correction for isomerization. 
Calculation of minimum molecular 
volume, Vo 


v, = v,/4.09 


M 102.13 


2.7310" 18.42 


20.310” eu. ft. 


20.310” / 4.09= 4.95210” 


cu. ft. 
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Calculation of 


intermolecular 
length, L 


2 = 5.03A. = 1.650 X 10° ft. 
(Table 4) 


M 


pNx° 
2.48010 


1.415 X 10 ft. 
L=x-d 
L = (1.650 — 1.415) X 10 = 


0.235 X 10 ft. 


Calculation of thermal conduc- 
tivity, k 


k=C,U. pL (8) 


k =(0.285 X 10-8) (0.459) (55.40) 
(3912 X 3600) 

k = 0.0841 B.t.u./ (hr.) 


The observed value is 0.0841 B.t.u./ 
Chr.) (sqft.) (°F 


(sq.ft. ) 


TEMPERATURE COEFFICIENT OF 
THERMAL CONDUCTIVITY 


The thermal conductivity of a 
liquid at a temperature other than 
68°F. can be predicted by substi- 
tuting the appropriate values for 
the specific heat, velocity of sound, 
and density. The intermolecular 
distance increases somewhat with 
increasing temperature, but not so 
much as would be expected from 
corresponding density changes. 
Since the coefficient of thermal ex- 
pansion for many liquids is about 
the same, the effect of temperature 
on the intermolecular distance was 
determined for a few liquids from 
the known thermal conductivity, 
and the result applied to other 
liquids. It was found that 


= 0.0055 X10 ft./°F. (11) 

Calculated and observed tempera- 
ture coefficients of thermal con- 
ductivity for a few liquids, for 
which reliable values of the proper- 
ties involved are available, are pre- 
sented in Table 2. 
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TABLE 2.—CALCULATED AND OBSERVED 

TEMPERATURE COEFFICIENTS OF THER- 

MAL CONDUCTIVITY dk/dtX10-4, B.t.u. 
/ (hr.) (sq.ft.) (°F./ft.) /°F. 


Liquid Calculated* Observed 
n-Hexane ..... —1.39 —1.40 
n-Heptane ..... —1.44 —1.30 
m-Octane ...... —1.22 —1.15 
n-Propyl alcohol —0.78 —0.95 
n-Amyl alcohol. —0.78 —0.91 
Ethyl acetate... —1.22 —1.62 
2-Methyl pentane —1.05 —1.00 
2, 2, 4-Trimethyl 

hexane ...... —1.17 —1.05 
Ethylene glycol. +0.27 +0.36 


“The effect of temperature on the intermolec- 
ular distance was estimated by Equation (11). 

The calculated and observed tem- 
perature coefficients agree fairly 
well. The coefficients for ethylene 
glycol and glycerol are positive 
owing to the small negative tem- 
perature coefficient of the velocity 
of sound. 

Since the density, velocity of 
sound, and specific heat vary linear- 
ly with temperature at tempera- 
tures sufficiently removed from the 
melting point, it will be expected 
that in this region the thermal 
conductivity will also vary linearly 
with temperature. 


SUMMARY 

An equation for predicting the 
thermal conductivity of pure organic 
liquids and its temperature coefficient 
has been derived and has been tested 
on a large number of liquids. Meth- 
ods are given for predicting the vari- 
ables involved where no data are 
available. The equation is applicable 
to both normal and associated liquids. 
The only assumption involved in its 
derivation is a particular molecular 
arrangement in the liquid. In the 
calculation of the intermolecular dis- 
tance for chain compounds the as- 
sumption is made that the molecules 
are aligned, like rods in a bundle, 
perpendicular to the direction of heat 
flow. This arrangement is a good ap- 
proximation for long-chain molecules. 
For shorter molecules the disorder 
increases and the molecular arrange- 
ment changes. The method is applica- 
ble also to other-shaped molecules. 
[For ring compounds see Part III 
(16a)] Although no data are given at 
this time, the intermolecular distance 
for ring compounds is calculated on 
the assumption that the rings are 
stacked like coins with their thickness 
perpendicular to the direction of heat 
flow. This arrangement is verified by 
X-ray—diffraction data of liquids and 
solids. For very small molecules, such 
as carbon tetrachloride, methyl chlor- 
ide, and chloroform, the molecular 
volume is considered as a cube. In 
this case no X-ray-diffraction data 
are necessary. 
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NOTATION 
A = heat transfer area, normal to 
heat flow, sq.ft. 
a=a constant 
b =a constant 
= specific heat at constant pres- 
sure, B.t.u./ (1b.) (°F.) 
d = mean intermolecular distance, 
center to center, ft. 
d=molecular diameter, ft. 

dt = temperature drop, °F. 

>= thermal conductivity, B.t.u./ 
(hr.) (sq.ft.) (°F.) 

ZL =mean intermolecular distance, 

surface to surface, ft. 
l= molecular length, ft. 

M=molecular weight, lb. 

m = ratio of critical to minimum 
molecular volume 

N = Avogadro’s number, 2.73 X 1076 

molécules/lb.mole 
n = effective branching contribu- 
tion 
n = integer representing the 
order of diffraction 

thermal energy, B.t.u. 

rate of heat flow, B.t.u./hr. 

gas constant, 1.987B.t.u./ (lb. 

mole) (°R.) 

additive constant 

intermolecular distance, A. 

absolute temperature, °R. 

temperature, °F. 

molecular thickness, ring 

molecules only, ft. 

= velocity of sound, ft./sec. 

= molar volume at a given tem- 

perature, cu.ft./lb.mole 

molecular volume at a given 
temperature, cu.ft./molecule 

x = distance along X axis parallel 
to the direction of heat flow, 

x=sum of molecular diameter 
and mean _ intermolecular 
distance, d+ L, ft. 

x = thickness, ft. 

y = distance along Y axis, paral- 
lel to the molecular length, 
perpendicular to the direc- 
tion of heat flow, ft. 

z= distance along Z axis, perpen- 
dicular to the molecular 
length, perpendicular to the 
direction of heat flow, ft. 


=~ 


Wed 
| II 


Greek Letters 
= density, lb./cu-ft. 
} = wavelength of incident radia- 
tion, A. 
¢ = scattering angle at maximum 
scattering intensity, degrees 
= expansion factor 


Subscripts 
a = available 
c = critical 
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f = freezing point 
G = gas or vapor 
L = liquid 

0 = absolute zero 
= pressure 

r = reduced 


Conversion Factor 


1A = 3.28 X 10-!° ft. 
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APPENDIX 
Calculation of Variables in Equation (8) 


The use of Equation (8) re- 
quires reliable values of the vari- 
ables involved. As few values of the 
velocity of sound in liquids have 
been published, it was necessary to 
survey the literature to develop a 
satisfactory method for predicting 
it where no values are available. 
The calculation of the available in- 
termolecular distance requires X- 
ray—diffraction data. These data 
are available but require interpre- 
tation for use with Equation (8). 
Finally a satisfactory method for 
calculating the ratio of the critical 
to the minimum molecular volume 
had to be developed. In all in- 
stances it is important to note that 
the methods of evaluating the 
variables involved have a theoreti- 
cal basis. 


Specific heat. Reliable values of 
the specific heat of liquids are diffi- 
cult to obtain. The most depend- 
able values for a number of liquids 
have been collected by J. Timmer- 
mans(20). For other liquids the 
specific heat may be calculated 
from the specific heat of the ideal 
gas by the method proposed by 
Hougen and Watson(7). Chow and 
Bright(2) proposed an empirical 
method for predicting the specific 
heat of homologous series of 
liquids. A new method for calcu- 
lating the specific heat of liquids 
at constant volume and at constant 
pressure has been developed by the 
authors and will be published later. 


Density. Values of the liquid 
density at 68°F. are readily avail- 
able. For values at other tempera- 
tures reference 20 may be con- 
sulted. Where no data are avail- 
able, the method of generalized 
liquid densities proposed by Wat- 
son(23) is recommended. 


Velocity of sound. Few values of 
the velocity of sound in liquids 
have been published in handbooks. 
However a literature survey was 
made by the authors(16), and data 
on a large number of liquids were 
collected and classified and a num- 
ber of methods proposed by vari- 
ous investigators for predicting 
the velocity of sound in liquids are 
also given. 

One of the simplest relations 


was proposed by Rao(15), who 
pointed out that 
Rp 
(4 
(12, 
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TABLE 3.—STRUCTURAL CONTRIBUTIONS 
TO THE VELOCITY OF SOUND 


Basic Radicals R 
CH, 9.50 
Benzene 23.25 
Cyclohexane 27.50 
Naphthalene 33.67 


Additional Radicals or Atoms 


—CH-—, —CH.—, —CH; 4.47 
| 
= 6.25 
~ 
2.30 
NEL 
—C- 4.47 
—NH-— 
—NH, 2.45 
—CO.H 4.83 
—-C:N 4.20 
1.40 
—OH 0.70 
—Cl 
—Br 355 
—I, —NO, 4.58 
—$, =S 2.82 
Bonding 
= —1.30 
= —2.60 
Position 
o- 0 
m— 0.30 
p= 0.60 


He indicated that R is substantial- 
ly independent of temperature and 
that it is an additive function of 
the molecular structure, as in the 
case of the parachor. 

Calculations on a large number 
of liquids made by the authors in- 
dicated that the structural con- 
tributions to the velocity of sound 
as given by Rao had to be modified 
if the relation was to hold at all. 
As a result, modified structural 
contributions were proposed(16). 
Additional work has resulted in a 
different set of structural contri- 
butions to the velocity of sound 
(see Table 3) that appears to cor- 
relate the data more satisfactorily. 
Each compound is considered as 
composed of a basic group which is 
modified by the substitution of 
other groups for atoms comprising 
it. Hence all liquids having a chain 
structure are considered as derived 
from methane. Similarly any com- 
pound having a ring is consideres 
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cylo- 
hexane, or naphthalene as the case 
may be. The contributions of the 
four basic groups are given in 
Table 3. The method of calculation 
will be shown by an illustration. 


as derived from _ benzene, 


ILLUSTRATION 1. Calculate the 
velocity of sound in m-chloroto- 
luene at 68°F. 

Formula = m-CH;C,H,C1 
Mol. wt. = 126.58 
= 66.75 lb./cu.ft. 


Base group 


(benzene) 23.25 
1 X 3.138 3.13 
m-position .... 0.30 

= 31.15 

126.58 
+,410 ft./sec 


The value observed by Lagemann, 
McMillan, and Woolf (9) is 4,324 
ft./sec. 

The independence of the constant 
R with temperature will be shown 
for the case of n-heptane 


Temp.,°F. 

68 36.70 

86 36.70 

104 36.70 

122 36.72 

140 36.75 
*Calculated from the data of Freyer, Hub- 


bard, and Andrews (5). 

The velocity of sound for 135 
pure organic liquids of all chemical 
types was calculated by the au- 
thors, using the structural contri- 
butions given in Table 3, and it 
was found that the average devia- 
tion from the experimental values 
was +2.6%. The maximum ob- 
served deviation was +8.0%. Com- 
parison of experimental values 
showed that the most reliable val- 
ues may vary by about 1 to 2%, 
extreme values vary by about 6%. 
It must be noted that Equation 
(12) is applicable to both normal 
and associated liquids. A semiem- 
pirical equation for predicting the 
velocity of sound for normal liquids 
only has been proposed by Tsien 
(2T):. 


Intermolecular distance. In order 
to calculate the available inter- 
molecular distance L, the following 
variables must be known accurate- 
ly: w, equal to d+L; »,, critical 
volume; and ¥,/vVo, ratio of critical 
to minimum molecular volume. 


DIMENSION x. The dimension % 
is determined by X-ray—diffraction 
measurements. One method of ana- 
lyzing the results is by using the 
simple Bragg’s law 
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nd = 2s sin 1/2¢ (13) 


The primary normal alcohols ex- 
hibit two scattering peaks. One of 
these has been identified as corre- 
sponding to the molecular length / 
and the other as the molecular di- 
ameter x, or distance from center 
to center of adjacent molecules. 
Thus for n-amyl alcohol s, =4.48 

The dimension s, corresponds to 
the molecular diameter x and is 
observed to remain constant from 
member to member of the series, 
as expected. The dimension sy, cor- 
responds to the molecular length 
and is observed to increase regu- 
larly as the number of carbon 
atoms increases. Actually the di- 
mension sy, ‘represents two mole- 
cular lengths, where the alcohol 
molecules appear to be arranged 
in pairs head to head. 

Strictly speaking, Bragg’s law is 
applicable only when interference 
occurs over a large number of regu- 
larly spaced layers, as in a crystal. 
In the case of liquids the number 
of such layers that may be con- 
sidered as regularly spaced is prob- 
ably not large. In the extreme case 
of only two diffracting centers ‘t 
has been shown(3) that the dif- 
fraction maxima occur at 


= 2ssin1/2¢ (14) 


n 


This differs from Bragg’s law by 
the factor (n+1)/n and indicates 
that for a real liquid the correct 
formula will be intermediate be- 
tween Equations (13) and (14). 

An alternative method, applica- 
ble strictly to liquids which consist 
of spherical molecules, has been 
developed by Zernicke and Prins 
(24) and Debye and Menke(4). 
This method consists of determin- 
ing the radial distribution of mole- 
cules based upon the observed sca‘- 
tering intensity; however, unless 
the data have been obtained with 
high precision over a large range 
of s values, it may be questioned 
whether a more reliable value of 
the spacing is obtained by the 
radial distribution method than by 
Bragg’s law(3). In any case the 
values found by the two methods 
differ by only a few per cent. 

Since for the calculation of the 
thermal conductivity it is impor- 
tant to know the molecular di- 
ameter x, a survey of literature on 
scattering of X rays by liquids was 
made by the authors. The pub- 
lishing data were recalculated on 
the basis of the equation 
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TABLE 4.—MOLECULAR DIAMETER «x, A., OF PURE ORGANIC LIQUIDS 
FROM X-RAY-DIFFRACTION MEASUREMENTS 


at 68° F. 
I. Straight-chain molecules 
C,* Cz C; Cy C; Cet 
Acids 4.10 4.70 5.00 
Alcohols 430 4.60 5,09 ne 
Aldehydes 4.45 5.01 
Amides 4.13 4.80 5.10 
Amines (mono, di) 5.03 5.20 > 
Esters 4.91 5.03 car > 
Ethers 5.29 
Halogenated 
hydrocarbons 4.70t 
Hydrocarbons 
Ketones 
Mercaptans 4.96 5.01 
Nitrated alkanes 4.60** 5.01 
Nitriles 4.43 4.84 
*The subscript indicates the number of carbon atoms in the molecule. 
+The arrows indicate that the molecular diameter remains the same for all longer molecules. 
tMethyl iodide. 
**Nitromethane. 
II. Cyclic compounds (/ dimension)* 2 
Benzene, pyridine 5.30 
Naphthalene 5.81 
Cyclopentane 5.50 
Cyclohexane, piperidine 5.73 
Cycloheptane 5.86 
*The rings are presumed to have disk shapes and to be arranged in stacks. 
The ¢#: dimension refers to the thickness of the disk 
III. Branched contributions, straight-chain and cyclic compounds 
(Substitution of —CH. group for hydrogen A « = 0.42n*) 
1. Chain compounds* 
C C C 
| ! | 
C-C-C C-C-C C-C-C 
| 
C C 
| 
n=1 n=1 n=2 
*+ 
2. Cyclic compounds + 
C-C C C 
| | | | 
| | | 
| | | 
\ 
Vv 
n=1 n=1 n= 1 n=2 n=2 
“The position of substitution is immé uterial, 1- 2, 3, or 0, m-, es etc. 
+The letter n refers to the number of substituent CHs groups as shown in the illustrations. For 
example, if two ( “He groups are substituted in 2, 4- positions as in 2, 4-dimethyl pentane, 
the effective # is 1, since the eiietuie is presumed to be rotating, and the swept volume is the 
same whether one or two —CHs groups have been substituted. The same applies to the case of 
2 > 2, 4- dimethyl pentane. 
tThe branched contribution should be added to the ¢ dimension. 
IV. Substitutions* 
° ° 
Substitution of hydrogen atom by Ax, At Ax, At 
1. NH2, CHO 0.10 0.80 
2. F, 1 0.10 
3. OH 0 0.20 
4. CN, O (ketone) 0 
5. NO, 0.50 0.75 
*For ring compounds the contributions should be added to the ¢ dimension. 
7Single substitution. Substitution in combination with C1, Br, the — of substitution is im- 


material. Substitution in combination with —-CHO, NH? in p-positior 
tSubstitution in 0, and m-positions in combination with —-CHO, Nils, OH, 
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1.14 =2ssin1/2¢ (15) 


which is intermediate between 
Equations (13) and (14) forn=1. 

Only the molecular diameter 
was considered, since the remain- 
ing dimensions can be calculated 
from the geometry of the molecule 
and the liquid density. Actually 
many liquids, notably the hydro- 
carbons, show one diffraction peak 
only, corresponding to the 2 di- 
mension. 

It may be noted that these di- 
mensions, determined from scatter- 
ing data, can be used to calculate 
the liquid density on the basis of 
the proposed molecular arrange- 
ment. For alcohols 


v = (82/2) si 
and from Equation (7a) 


N(s2/2)s? 


For n-amyl] alcohol 


state represents the minimum pos- 
sible length. This would mean that 
the molecules on melting came to- 
gether forming long chains, thus 
causing an increase in the dimen- 
sion w as a result of the redistri- 
bution of the available volume. 

The effect of temperature on the 
measured molecular dimensions has 
not been extensively investigated, 
but it is relatively small. The esti- 
mated accuracy of the values given 
in Table 4 is +0.05 A. 


CRITICAL DENSITY, ¢,. The criti- 
cal density for a number of liquids 
is given in reference(13), and addi- 
tional values may be found in 20. 
For other liquids Watson’s method 
of generalized liquid densities (23) 
is recommended. 


RATIO OF CRITICAL TO MINIMUM 
MOLECULAR VOLUME, ). A num- 
ber of empirical methods (6, 10, 18, 
19) have been proposed for deter- 
mining the molecular volume at 
absolute zero. The method pre- 


88.15 


p = — 


2.73X10" (6.55X1.14X3.28X 10 ")(4.48X 1.14X3.28X 10”)? 


47.0 |b. /eu. ft. 


> 


The observed liquid density at 
68°F. is 50.7 Ib./cu.ft. 

The bulk of the literature data 
is summarized in Table. 4 

The intermolecular distances de- 
termined from X-ray-diffraction 
measurements in pure liquids agree 
well with measurements on mono- 
molecular liquid films and with 
studies on the structure of micelles 
formed in soap solutions. They ap- 
proximate also values obtained 
from measurements on materials 
in the solid state. For example 


Liquid Solid 


Gapric acid ........ 5.21 4.79 
Paimitic. acid ...... 5.50 5.03 
Eruciec acid ........ 5.45 5.09 
Brassidic acid ..... 5.55 5.06 
Lauryl alcohol ..... 5.25 4.79 


If the effect of temperature is 
neglected, it will be noted that the 
dimension x increased on melting. 
Since for the solid both the a and 1 
dimensions decrease as the tem- 
perature approaches absolute zero, 
it is possible that the length of the 
molecules as measured in the liquid 
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sented here is based on the law of 
rectilinear diameter, according to 
which the arithmetical average of 
the densities of a pure unassoci- 
ated liquid and its saturated vapor 
(orthobaric densities) is a linear 
function of the temperature. In 
equation form 


5 (1 + pc)=a—bT (16) 


Although not exact, this relation 
is accurate for many substances 
and provides a very useful method 
for calculating the critical density, 
a quantity not readily measurable. 

At absolute zero Equation (16) 
reduces to 


At the freezing point the density 
of the vapor is very small and may 
be neglected, and so Equation (16) 
reduces to 


.=a—bT (18) 
At the critical temperature the 
density of the vapor and liquid is 


the same and Equation (16) re- 
duces to 


pe=a— dT, (19) 
Equations (17), (18), and (19) 


may be combined to eliminate the 
constants a and b. This results in 


Po/ Pe 2 1 + ( T. 


(20) 


Equation (20) gives the ratio of 
the critical to minimum molecular 
volume v,/v) from a knowledge of 
the critical density and tempera- 
ture, density at freezing point, and 
freezing temperature. 

In these calculations the freezing 
density was determined by Wai- 
son’s relation (22) 


p 
68°F. 
py (21) 


68°F. 


The expansion factor was calcu- 
lated by the equation (23) 


w =0.1745 — 0.0838 T, \22) 


for T,.<0.65. Values of the critical 
temperature will be found in the 
same tables giving the critical 
density. Other values for hydro- 
carbons may be estimated by the 
method of Michael and Thodos (12). 
Values for other liquids may be 
estimated by the method proposed 
by either Watson(22) or Meissner 


‘and Redding (11). 


Equation (20) was found to be 
applicable for both normal and as- 


1 =a (17) 
9 Pe sociated liquids. A few values will 
be given as an example: 
cale* 
Liquid Method of Measurement ob [Eq. (20)] 
n-Pentane Density* 3.80 3.82 
Ethy! alcoho! Gas law 4.02 3.94 
Ethyl] alcohol Compressibility + 4.10 3.94 
Ethy! ether Compressibility t 3.91 3.89 
*The lowest density measured was 47.9 Ib./cu. ft. at 246°R. This value was extrapolated to 0°R. 
+The volume at absolute zero may be regarded as given by the limiting volume of a liquid under 
infinite pressure, which can be calculated from the compressibility. In the case of liquids, at 68°F. 
and 11,609 atm. the reduction in volume is about 30%. Hence the density at 0°R. is obtained by 


68°F atm + 0.70. 
p® 7 
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Fundamentals of the Hydrodynamic Mechanism 


of Splitting in Dispersion Processes 


J. O. Hinze, Royal Dutch Shell-Laboratory, Delft, Holland 


The splitting of globules is an important phenomenon during the final stages of 
disintegration processes. Three basic types of deformation of globules and six types 
of flow patterns causing them are distinguished. 

The forces controlling deformation and breakup comprise two dimensionless 
groups: a Weber group Nye and a viscosity group Nyi. Breakup occurs when 
Nwe exceeds a critical value (Nwe)crit. Three cases are studied in greater detail: 
(a) Taylor’s experiments on the breakup of a drop in simple types of viscous flow, 
(b) breakup of a drop in an air stream, (c) emulsifigation in a turbulent flow. 

It is shown that (Nwe)crit depends on the type of deformation and on the flow 


pattern around the glcbule. For case (a) 


(Nwe)crit Shows a minimum value ~0.5 


at a certain value of Ny: and seems to increase indefinitely with either decreasing 
or increasing ratio between the viszcsities of the two phases. For case (b) (Nwe)crit 
varies between 14 and ~, depending on Ny; and on the way in which the relative 
air velocity varies with time, the lowest value refers to the true shock case and 
Nvi>0. For case (c) (Nwe)crit; which determines the maximum drop size in the 
emulsion, amounts to ~1, and the corresponding values of Nyi appear to be small. 
A formula is derived for the maximum drop size. 


Efficient dispersion with a view 
to obtaining large interfacial areas 
is of great importance for heat and 
mass transfer processes in gas- 
liquid systems (atomization, froth- 
formation) and liquid-liquid sys- 
tems (emulsification). 

Most of the ordinary diminution 
processes function by injection of 
one phase into the other or by in- 
ducement of turbulence in the con- 
tinuous phase. In the case of in- 
jection the potential energy of the 
phase to be dispersed is converted 
into kinetic energy, and at the 
same time usually interaction takes 
place with another medium, which 
may be gaseous, liquid, or solid. 
This interaction generates forces 
in the phase to be dispersed which 
may result in its breaking up. In 
the case of turbulence it is. the 
kinetic energy of the turbulent mo- 
tion in the continuous phase that 
brings about the breakup of the 
other phase. 

In general the disintegration pro- 
cess takes place in stages. When 
one fluid is just squirted into an- 
other or when stirring processes 
have just started, the fluid to be 
dispersed is at first present in bulk. 
The deformation of this bulk of 
fluid and its initial breakup into 
chunks of fluid, which may break 
up further into smaller parts, has 
been much studied(8, 6,4). There 
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seems to be a mechanism that is 
common to such disintegration of 
liquids, to emulsification, and to 
atomization, namely the penetra- 
tion of lamellae and ligaments of 
one fluid into the other. These liga- 
ments then break up into globules, 
which may further split up into 
smaller parts. 

When parts of a drop are sepa- 
rated or when a long ligament 
breaks up into droplets, in most 
cases secondary small droplets are 
also formed. Moreover, the liga- 
ments at the moment of breakup 
will in general not all be equally 
thick. Hence during these disinte- 
gration processes drops of different 
sizes are formed. As the sizes seem 
to depend on many uncontrollable 
conditions, at present it is practi- 
cally impossible to predict theoreti- 
cally the final size distribution of 
a dispersion. Of course this does 
not exclude the possibility of mak- 
ing predictions from empirical 
correlations. 

Concerning the various stages of 
disintegration processes, important 
contributions have already been 


made by theoretical and experi- - 


mental studies of the instability of 
liquid films and cylindrical liquid 
ligaments and of the breakup of 
drops (6, 15). These theories can be 
applied to some simple types of 
atomization, but for the reasons 
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stated above they still fail to de- 
scribe quantitatively “chaotic” dis- 
integration processes. More knowl- 
edge is required concerning the 
detailed mechanisms of breaking- 
up processes, as for instance the 
splitting up of small fluid lumps of 
the dispersed phase during the final 
stages of disintegration. For this 
case an attempt is made in the 
present paper to systematize the 
various ways in which single glob- 
ules can break up. These considera- 
tions are applied to the breakup of 
globules in a viscous flow, to drops 
exposed to an air flow, and to 
emulsification in turbulent flow. In 
these few cases it appears possible 
to obtain an expression for the 
average value of the maximum 
globule size that can withstand the 
forces of a known hydrodynamic 
flow field. 


BASIC TYPES OF GLOBULE 
DEFORMATION AND FLOW 
PATTERN 


Globules can split up owing to 
hydrodynamic forces in a number 
of different ways that depend on 
the flow pattern around them. In 
general the following three basic 
types of deformation (illustrated 
in Figure 1) can be recognized. 

Type 1. The globule is flattened, 
forming in the initial stages an 
oblate ellipsoid (lenticular deforma- 
tion). How deformation proceeds 
during the subsequent stages lead- 
ing to breakup seems to depend on 
the magnitude of the external 
forces causing the deformation. 
One possibility is that the drop 
deforms into a torus, which, after 
being more or less stretched, breaks 
into many small droplets. 

Type 2. Here the globule becomes 
more and more elongated, forming 
in the initial stages a prolate ellip- 
soid, until ultimately a long cylin- 
drical thread is formed, which 
breaks up into droplets (cigar- 
shaped deformation). 
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TABLE 1.—POSSIBLE CONDITIONS FOR BREAKUP OF A GLOBULE 


Type of 
deformation 


1. Lenticular .. (a) Parallel (c) Axisymm. (e) Rotat. (a) Parallel 
hyperbol. 
2. Cigar-shaped (b) Plane (d) Couette (b) Plane 
hyperbol. hyperbol. 


(f) Irregular 


Type 3. As the surface of the 
globule is deformed locally, bulges 
and protuberances occur, and thus 
parts of the globule become bodily 
separated (bulgy deformation). 

Of the various flow patterns that 
may cause a globule to deform in 
one of these basic ways, those con- 
sidered here are given in Figure 2. 
In addition an irregular flow field 
f as occuring in turbulent flow is 


"LENTICULAR" 


TYPE 2 
"CIGAR-SHAPED" 


A. Dynamic pressures 


B. Viscous stresses 


Flow pattern around the globule 


viscous stresses. The possible com- 
binations of flow patterns and 
types of deformation, or more pre- 
cisely the most important of the 
possible ways in which a globule 
can be broken up by hydrodynamic 
forces, are given in Table 1. 

Thus it is expected that deforma- 
tion of type 1 will occur if the 
globule is subjected to the dynamic 
pressures or viscous stresses pro- 


TYPE 3 
"BULGY" 


Fig. 1. Basic types of globule deformation. 


VVVVVVY 


PARALLEL FLOW 


@ COUETTE FLOW 


b. PLANE HYPERBOLIC FLOW 


Sur 


c. AXI-SYMMETRIC 
HYPERBOLIC FLOW 


— 


ROTATING FLOW 


Fig. 2. Flow patterns that can cause one of the 
basic types of globule deformation. 


considered. For the rotating flow 
pattern e it is assumed that the 
fluid rotates bodily. It is further 
assumed that the flow patterns con- 
sidered are large compared with 
the globule size but are still local 
flow patterns in the entire flow field. 
Finally one may distinguish be- 
tween deformation by external 
dynamic pressures and that by 
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duced by the parallel flow a, the 
axisymmetric hyperbolic flow c, and 
the rotating flow e. Type 2 deforma- 
tion (cigar-shaped deformation) 
can be caused by the plane hyper- 
bolic flow b and the Couette flow d, 
and type 3 (bulgy deformation) is 
brought about only by the dynamic 
pressures occurring in the irregu- 
lar flow pattern f. 
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(c) Axisymm. (e) Rotat. 
hyperbol. 


(d) Couette 


Breakup will occur if there is a 
sufficient degree of deformation, 
that is, if the region of the flow 
pattern causing a specific deforma- 
tion is sufficiently large to contain 
the deformed globule and if the 
flow pattern persists long enough. 

Various possibilities may be con- 
sidered somewhat more closely. 


Lenticular Deformation in Parallel 
Flow. Here the globule has a trans- 
latory motion relative to the ambi- 
ent fluid. This motion will persist 
longer if the density of the globule 
is much greater than that of the 
ambient fluid. An example of the 
dynamic case Ala (see Table 1) is 
the bursting of a drop in an air 
flow. If the flow is viscous (case 
Bia), the tangential viscous forces 
on the interface cause a torodial 
internal circulation, shown the- 
oretically by Hadamard(7) and ex- 
perimentally by Garner(5), which 
produces at the interface normal 
forces that in conjunction with the 
external normal component of the 
viscous stresses tend to deform 
the globule. 


Lenticular Deformation in Rotating 
Flow (Cases Ale and Ble). The 
globule is assumed to be in a re- 
gion where the ambient fluid ro- 
tates about an axis coinciding with 
that of the globule. Also here it 
will in general be necessary to 
have an appreciable difference in 
density in order to make the centri- 
fugal forces sufficiently great ‘o 
bring about breakup of the globule. 


Cigar-shaped Deformation in Plane 
Hyperbolic Flow (Cases A2b and 
B2b). The elongation occurs along 
that axis in the plane of the flow 
in which the direction of the vel- 
ocity is away from the origin. 


Cigar-shaped Deformation in Couette 
Flow. In the dynamic case A2d the 
pressure distribution on the globule 
causes initially an elongation along 
an axis at 45° to the direction of 
flow. After this, pressure distribu- 
tion on the elongated globule will 
cause further elongation and also 
a slight rotation, until the elon- 
gated globule has reached a posi- 
tion in which only continued elonga- 
tion with eventual breakup can take 
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place. In the viscous case B2d the 
tangential forces at the interface 
cause internal circulation. The nor- 
mal components of the viscous 
forces cause the globule to deform 
into an ellipsoid. The axes of the 
ellipsoid fall in the principal planes 
of the stress distribution of the 
shear flow (that is, the planes with 
no tangential stress). Also here, 
after sufficient elongation, breakup 
may occur. 

The third type of deformation 
takes place if local presure dif- 
ferences at the interface (flow pat- 
tern f) cause initial bulges which, 
helped perhaps by a general paral- 
lel flow past the globule, may de- 
velop into protuberances, which 
may then possibly split up. 

We thus see that a preference 
for a given type of deformation 
and breakup depends not only on 
the local flow pattern around the 
drop, but also on the physical 
properties of the two phases, name- 
ly their densities, viscosities, and 
interfacial tension. 

In atomization the possibilities 
Ala and A2d will be the ones most 
frequently encountered; sometimes 
also A8f will be possible. 

In the case of gas dispersion in 
liquids (froth-formation), more 
particularly if the liquid is in 
violent turbulent motion, the fol- 
lowing conditions wil! often occur: 
Alc, A2b, A2d, Ale, and A3f. 

In emulsification processes it is 
reasonable to expect the conditions 
B2b and B2d, with the odds on B2d, 
to occur in viscous flows; whereas 
in turbulent flows the conditions 
Alc, A2b, A2d, and A3f may occur, 
with the odds perhaps on A2d. 


FORCES CONTROLLING THE 
SPLITTING UP OF A GLOBULE 

An isolated globule will be con- 
sidered on the surface of which 
external forces act in such a way 
as to cause a deformation of the 
globule. + is this force per unit 
surface area; in general it will 
vary along the surface and will be 
a function of time. It may be a 
viscous stress or a dynamic pres- 
sure set up in the surrounding con- 
tinuous phase. 

Owing to the deformation of the 
globule, internal flows are set up 
that cause viscous stresses as well 
as dynamic pressures. Furthermore 
the interfacial tension « will give 
rise to a surface force that will in 
general counteract the deformation. 
If D is the diameter of the globule, 
the surface-tension force will be of 
the order of magnitude o/D. In the 
first instance the dynamic pressure 
will be of the same order of magni- 
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tude as c, causing flow velocities of 
the order of magnitude (t/0,)3. 
Thus the viscous stresses are of 
the order of magnitude 


where uz and o, are the viscosity 
and density of the globule. 
These three forces per unit area 


t,0/D, and 


control the deformation and break- 
up of the globule. The ratio be- 
tween each two of these forces is 
a dimensionless magnitude. Three 
dimensionless groups may be 
formed in this way, only two of 
which are independent. 

For one of the dimensionless 
groups the combination Ny, = 7D/ 
c, a generalized Weber group, was 
chosen. The qualification “general- 
ized” was added because, strictly 
speaking, the Weber group usually 
refers to 9U2D/c where oU? is the 
dynamic pressure of a fluid flow. 

For the other dimensionless 

group either 
o Pd Ud V T Ma Pd 
may be chosen, the latter being the 
Reynolds group. However, since the 
two groups contain the external 
force +, the ratio between these 
two groups was preferred. It con- 
tains only the properties of the 
globule 


Rae 

V pat D 
This group is called a viscosity 
group because it accounts for the 
effect of the viscosity of the fluid 
in the globule. 

Of course the two groups Ny, 
and N,, will immediately result 
from applying formal dimensional 
analysis and taking into account 
the magnitudes +t, D, c, wy, and oq. 

The greater the value of Ny,, 
that is, the greater the external 
force t compared with the counter- 
acting interfacial-tension force o/D, 
the greater the deformation. At a 
critical value (Nye) crit, breakup 
occurs. 

Experiments have shown that the 
mechanism of breakup is quite 
simple when Ny, is equal to or 
slightly higher than (Nyw,) The 
more N,,, exceeds its critical value, 
the more complicated this mechan- 
ism becomes. For Nyw,>> (Nwe) crit 
this mechanism is very complex, 
and the disintegration process is 


viscosity group. 
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more or less chaotic. This subject 
will be considered when the burst- 
ing of a drop in an air stream is 
described. 

If the breakup of a globule is 
one of the final stages of a general 
disintegration process, then usually 
the N,, for breakup does not 
greatly exceed the critical value, 
and so the mechanism of breakup 
remains the simple type. 

Since the deformation process 
can be described in terms of the 
two dimensionless groups, in gen- 
eral, (Nie) crit Will be a function of 
N,;. For this relation the following 
form is chosen 


(Nwe) ert = C[1+¢(Nvi)] 


where the function 9 decreases to 
zero when N,;o. In this form C 
is the value of We,,;, for vanishing 
viscosity effect of the globule liquid. 
In this relation C and ¢ are still 
dependent on the external condi- 
tions, since the force + is deter- 
mined by the flow conditions in 
the continuous phase around the 
globule, which can also be described 
in terms of other dimensionless 
groups. The (Ny,) ri: Will be dif- 
ferent for the three basic types of 
deformation and will also be de- 
pendent on the local flow pattern 
around the globule. 

If the flow pattern is the same 
throughout the entire flow region, 
all globules larger than their criti- 
cal size will break up according to 
the same mechanism. For all these 
globules the same value of 
(Nie) crit 18 valid. 

In more complicated flow fields 
where locally and temporarily dif- 
ferent flow patterns of varying 
flow velocities occur, as for in- 
stance when the continuous phase 
is in turbulent motion, the 
(Nw) crit Will not be the same for 
all the globules present in the flow 
field. Some statistical mean value 
of (Nywe)crit Will then determine 
the average size of the largest 
globules that can still withstand 
the breakup forces of the flow field. 
To arrive at this statistical mean 
value a higher weight must be as- 
signed to those flow patterns and 
types of deformation which pro- 
duce a lower value of (Nye) crits 


DEFORMATION OF GLOBULES 
IN VISCOUS FLOW 

Fundamental work on the split- 
ting up of drops in viscous flow was 
done by Taylor(16) and Tomotika 
(18). Taylor developed a theory 
based upon a few obvious assump- 
tions, such as small deformations, 
no slip at the interface, and con- 
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Fig. 3. (Nye) and S,,;/D, as functions of pq/p.,- 


tinuous shear stress across the in- 
terface. He considered two types 
of flow, namely the Couette flow 
(type d of Figure 2) and the plane 
hyperbolic flow (type b of Figure 
2). 

Because of the shear flow of the 
continuous phase the originally 
spherical drop is deformed into an 
ellipsoid (basic type 2), the cases 
B2b and B2d of Table 1. 

According to Taylor’s theory the 
deformation of the globule is pre- 
dominantly determined by the gen- 
eralized Weber group. 


S D 
Nwe 


where S is the maximum velocity 
gradient in the flow field of the 
continuous phase. 

In two apparatuses which simu- 
late the Couette flow and the vlane 
hyperbolic flow respectively, Taylor 
has studied the deformation of a 
single drop as a function of S; he 
determined the value of S at which 
the breakup of the drop occurs, 
that is, (Nie) riz This has been 
done with liquids that show the 
following ratios between the vis- 
cosities: 


** — 0.0003, 0.5, 0.9, and 20. 
Throughout the experiments the 
viscosity of the continuous phase 
was essentially the same, namely 
about 100 c.g.s. units. 

The few data of Taylor’s experi- 
ments are given in Figure 3. They 
show that in all cases a drop bursts 
more easily in the plane hyperbolic 
flow than in the Couette flow. If 
[(Nwe)ecrit for hyperbolic flow]/ 
[ (Nye) crit for Couette flow] is de- 
termined, the curves in Figure 3 
seem to indicate a maximum value 
of about 0.4 at py/u,~1. For both 
types of flow a minimum value of 
(Nye) crit Of less than 1 is obtained 
at a value of yq/p,>1 (roughly at 
5). 
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In the case of the Couette flow 
Taylor observed the remarkable 
fact that at yw,/y,=20 there was 
no breakup of the drop; the drop 
was only slightly deformed and 
showed a slow rotation in the di- 
rection of flow. Such a rotation, 
however, cannot occur in the plane 
hyperbolic flow; indeed, in that 
flow breakup did ultimately occur. 

In neither type of flow was there 
any breakup at ali during tne ex- 
periments at the viscosity ratio 
g/t = 0.0003, even at the highest 
rates of now applied. ‘(his result 
can be explained by the results of 
Tomotika’s theoretical investiga- 
tions(17). He considered the sta- 
bility of an infinitely long cylindri- 
cal column of a viscous liquid sur- 
rounded by another viscous liquid 
when subjected to disturbances of 
rotational symmetry. He found 
that the optimum wave length ¢,,:, 
at wnich the rate of increase of 
the aisturbance is at its maximum, 
increases to infinity if the viscosity 
ratio pg/y, becomes either infinite 
or zero. ‘I'nis means that the chance 
of the breakup of a drop deformed 
into a cylindrical thread is very 
slignt at those extreme viscosity 
ratios. 

The values of Co t/D., where D, 
is the diameter ot the cylindrical 
thread, are also given in Figure 3. 
Apparently a minimum value of 
Copt at = 0.28, that is, 
at wq/ye-<1. Hence, for the same 
diameter of the column the smallest 
drops caused by the breakup of the 
column are obtained at this vis- 
cosity ratio. 

If the energy necessary to de- 
form the drop is neglected, the 
power input must be equal to the 
dissipation in the flow of the con- 
tinuous phase. This dissipation per 
unit mass « is equal to p,S?/o, for 
the Couette flow, and to 4 p,S?/o, 
for the plane hyperbolic flow. 

From Figure 3 it may be con- 
cluded that the energy input re- 
quired to break a given drop 
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reaches its minimum at uq/p,>1. 
But in view of the results obtained 
by Tomotika(17,18) it is possible 
that smaller drops are formed at a 
vg/co<1. One can estimate from 
Figure 3 that the energy input re- 
quired for breaking the same drop 
is smaller for the hyperbolic flow 
than for the Couette flow. 

Although it would be very de- 
sirable to have more data available 
from experiments such as those 
carried out by Taylor, yet it is 
possible to draw conclusions, albeit 
with some reserve, from his few 
experimental results: 

1. It will be very difficult to dis- 
perse fluids that show a high vis- 
cosity ratio. This becomes obvious if 
one considers the extreme cases: dis- 
persion of gas bubbles in viscous 
liquid flow, and dispersion (atomiza- 
tion) of liquid drops in viscous gas 
flow. This explains why in practice 
dispersion by pure viscous flow is 
restricted to emulsification processes. 

2. For a given energy input per 
unit time and mass of the continuous 
phase, the drop that can resist the 
shear flow without breaking will be 
smaller if the liquid with the greater 
viscosity is the dispersed phase (u,/ 

3. A dispersion in which pg/p.<1 
can contain a larger fraction of small 
drops than one in which y,/y,>1, 
although for the same energy input 
the largest drops may be larger; that 
is, the dispersion may be less uni- 
form. 

If relation (1) is applied to the 
results given in Figure 3, the as- 
sumption that at least C must be 
a function of y,z/y,, becoming in- 
finite for »z/p,20 and probably also 
for is obvious. The func- 
tion 9 may also increase indefinitely 
with increasing Ny;. If (Nye) erit 
is plotted against Ny; the mini- 
mum value for (Nye) i8 ob- 
tained at rather high values of 
N,;, namely 100 and more. From 
the relation between (Ny,) and 
uq/%e One may conciude that the 
minimum value of (Nyy,) will 
occur at lower values of N,; as the 
viscosity of the continuous phase 
decreases. 


BREAKUP OF A DROP IN AN 
AIR STREAM 

Investigation into the bursting 
of drops in an air stream has a 
long history, dating to before 1904, 
when Lenard published his experi- 
ments(14). Shortly after World 
War I Hochschwender made simi- 
lar experiments(11), and in recent 
years drop deformation and break- 
up have been studied both experi- 
mentally and theoretically (2, 9, 10, 
12, 19, 20) in various countries. 

If a drop exposed more or less 
suddenly to a parallel air flow (flow 
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pattern a of Figure 2) is con- 
sidered for not too small drops 
and for a relative air velocity suffi- 
ciently great to bring about break- 
up of the drop, the Reynolds num- 
ber for the flow around the drop 
will in general be sufficiently great 
for the external dynamic pressure 
forces to overshadow the external 
viscous forces. The external forces 
can then be. expressed in terms of 
o-U,”, where oe, is the density of 
the continuous phase. and U, the 
maximum value of the air velocity 
relative to the drop. In this case 
the Weber group has its original 
notion: 


Nw. 


Hinze(9,10) has shown theoreti- 
cally that (Nye) Gepends not 
only on Ny; but also on the way in 
which the relative velocity varies 
with time. Two cases have been 
studied by the various investiga- 
tors, namely that of the true shock 
exposure and that of the falling 
drop. (Nye) turns out to be 
much smaller for the first case. 

For Ny; =0 and true shock ex- 
posure (Nye) crit ~ 18, whereas for 
a falling drop (Nye) crip 22(10). 
(Nye) crit increases with increasing 
Ny; Figure 4 shows results of 
laboratory experiments studying 
this effect of the viscosity of the 
drop on its breakup. Figure 4 also 
shows theoretical curves for the 
case of true shock exposure. These 
two theoretical curves refer to the 
cases of slight viscosity effect and 
great viscosity effect respectively. 
For great viscosity effects, which 
occur when Ny,;>0.5, the rate of 
deformation is so low that the 
relative air velocity decreases sub- 
stantially during the process of de- 
formation and breakup, and so con- 
sequently do the breakup forces. 
Theoretical considerations show 
(see Figure 4) that (Nye) crit? © 
for indefinitely increasing N,;. The 
experimental results seem to indi- 
cate that already at N,;>2 break- 
up will cease. 

All investigators of the mechan- 
ism of breakup observed that dur- 
ing the breakup process the drop 
passes in succession through the 
stages of extreme flattening, for- 
mation of a torus with attached 
hollow-bag—shaped film of increas- 
ing size, bursting of the film, and 
breakup of the torus. Experiments 
at Delft showed that this mechan- 
ism still remains even for large 
effects of the drop viscosity. 

Lane(12) was the first to draw 
attention to the fact that at 


Vol. 1, No. 3 


Hd 
Veg cD 
° ° 
ber 
| 
° t 
A 
° 
° } 
O.4 
7 t 
B 
A= THEORETICAL CURVE FOR 
+ SLIGHT VISCOSITY EFFECT 
f B= THAT FOR GREAT VISCOSITY 
| | EFFECT 
l 
N forNy;=O ~ 13 
| T 
0.01 
1 1.2 1.4 1.6 18 2 2.2 2.4 2.6 2.8 3 
N 
Wecrit 


for Nyj=O 


Fig. 4. Effect of Ny; on (Nyw,) opi; in the case of a drop 
suddenly exposed to an air stream. 
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Fig. 5. Short-flash photographs showing the breakup of a drop at 
increasing values of N,,,. Gas oil; D= 3.9 mm.; (Nj,,),,;, 13. 
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Nwe>>(Nwe) crit the mechanism of 
breakup is different from the one 
just described. Figure 5 shows a 
series of short-flash photographs 
taken during the Delft experiments 
of drops launched in a horizontal 
air flow. With increasing Ny, the 
nature of breakup changes in the 
direction of a more chaotic disin- 
tegration process. One may notice 
that the shape of the bulk of the 
drop during the initial stages of 
deformation is different for the two 
mechanisms. In the case of the first 
mechanism, that is at low Ny,, 
the drop during deformation has 
the convex part directed down- 
stream, whereas in that of the sec- 
ond mechanism, at large Ny,, the 
the convex part is directed up- 
stream. The nonuniform pressure 
distribution along it causes an ac- 
celeration of the drop. The accelera- 
tion forces acting on the fluid 
particles of the drop produce a 
deformation in addition to that 
caused along the drop by the pres- 
sure distribution, which is assumed 
to be steady. The first kind of de- 
formation mentioned above is more 
comformable to the pressure distri- 
bution along the drop alone, where- 
as the second kind is more com- 
formable to what might be expected 
of the acceleration effects alone. 
Moreover for Ny,>>(Nyire) crit 2 
kind of stripping off of the drop 
surface takes place owing to waves 
and ripples generated there. 
Although the transition from 
the first mechanism to the second 
with increasing Ny, is more or 
less gradual, it appears possible to 
introduce a second critical Ny, 
pertaining to this transition. An 
analysis of the experimental re- 
sults concerning this second criti- 
cal Ny, shows it to be a quite com- 
plicated function of the dimension- 
less groups Ny;, Np, pertinent to 
the flow around the drop, and 9,/9,. 


EMULSIFICATION IN TURBULENT 
FLOW 


The dispersion of one liquid into 
another as the result of keeping 
the latter in violent turbulent mo- 
tion is restricted here to the case 
of emulsification under noncoalesc- 
ing conditions, which can be real- 
ized, for instance, by taking low 
concentration of the dispersed 
phase so that the chance of coalesc- 
ing, in so far as it is determined 
by statistical mechanical conditions, 
is very slight. 

More or less unconsciously guid- 
ed by the mechanism observed by 
Taylor in viscous shear flow, in- 
vestigators have commonly believed 
hitherto that also in turbulent flow 
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splitting up of drops is the result 
of viscous shearing action(4, 16). 
However, a first requisite for such 
breakup of drops is that not only 
the undeformed drop, but also the 
elongated drop, must be small com- 
pared with the local regions of 
viscous flow. For not too small 
values of the Reynolds number the 
spatial dimensions of such local 
regions are very small, compared 
at least with the largest drops 
observed in the emulsion. Hence 
it is more logical to assume that 
the dynamic pressure forces of the 
turbulent motions are the factor 
determining the size of the largest 
drops. These dynamic pressure 
forces are caused by changes in 
velocity over distances at the most 
equal to the diameter of the drop. 
In regard to the area just around 
the drop, the plane hyperbolic, the 
axisymmetric and Couette flow pat- 
terns are the ones most likely to 
be responsible for breaking up the 
largest drops (compare the possi- 
bilities A2b, Alc, and A2d of 
Table 1). The kinetic energy of a 
turbulent fluctuation increases with 
increasing wave length. Thus veloc- 
ity differences due to fluctuations 
with a wave length equal to 2d 
will produce a higher dynamic 
pressure than those due to fluctua- 
tions with a shorter wave length. 
If these fluctuations are assumed 
to be responsible for the breakup 
of drops, for riz in the rela- 
tion (1) may be placed 


2 
pv 
(Nwe) rst = 


where v2 is the average value 
across the whole flow field of the 
squares of velocity differences over 
a distance equal to D,,,,. To relate 
this average kinetic energy to this 
distance, one considers the simplest 
case, namely an isotropic homo- 
geneous turbulence. For this case 


of turbulence the main contribu- 
tion to the kinetic energy is made 
by the fluctuations in the region 
of wave lengths where the Kolmo- 
gorofi energy distribution law is 
valid. In this region the turbulence 
pattern is solely determined by the 
energy input « per unit mass and 
unit time. It can be shown that for 
this region 


C1 (ep)*/ 


where C,~2.0 according to Batche- 
lor(1). 

If for the moment one assumes 
that Ny,;<<1, then one obtains 
from 1: 


Ci *— const 


or 


This simple result also follows di- 
rectly from dimensional reasoning 
once it has become evident that 
only the quantities 9,, o, and « de- 
termine the size of the largest 
drops. 

If this result is to be applied to 
fields of nonisotropic turbulent 
flow, it must be assumed that the 
turbulence pattern practically 
isotropic in the region of wave 
lengths comparable to the size of 
the largest drops. Indeed, many 
actual, nonisotropic, turbulent flows 
do show an energy spectrum the 
high-energy part of which can often 
be approximated by the Kolmogo- 
roff spectrum (13). 

Furthermore, nonisotropic tur- 
bulent flows are not usually homo- 
geneous, and so the energy input 
and dissipation are not constant 
across the flow field; moreover 
there is no equilibrium between 
energy input and dissipation at 


10° 
x 
fe 
° -2 
° 2 
fc 
103 
> 
my 
2 
108 10° 10° 


Fig. 6. Maximum drop size as a function of the energy input 


according to experimental data by Clay. 
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each point. In this case, even if 
local isotropy is present, the drop 
size as determined by (2) is still 
a function of the space coordinates. 

If in the emulsifying apparatus 
the flow field is not too inhomo- 
geneous, the powerful diffusive 
action of turbulence causes the 
average size of the largest drop in 
the whole field to correspond to 
the average energy input across 
this field. 

With these assumptions formula 
(2) has been applied to the results 
obtained by Clay(3) with his model 
arrangement consisting of two 
coaxial cylinders, the inner one of 
which rotated. Clay determined 
drop-size distributions and from 
these calculated the value of D,;; 
this is the value for which 95% 
by volume is contained in the drops 
with D<Do;. If one takes 
Dy; and applies the theory to this 
D,;, one obtains for (2): 


/ 


with a standard deviation of 0.315. 

Figure 6 shows that notwith- 
standing the wide scatter the data 
follow pretty well the relation (2). 
In this figure the relation is writ- 
ten: 


5 —2/5 

Me po 

An appreciable scatter of test 
data is quite usual in phenomena 
with processes governed by statisti- 
cal laws, but the very large scat- 
ter obtained here is most probably 
due to the rather crude way in 
which the drop-size distributions 
were obtained, which made the de- 
termination of Dy; very inaccurate. 

It would be interesting to know 
how far the relation (3) is ap- 
plicable to other emulsifying ap- 
paratus. If the flow field is not too 
inhomogeneous (for instance, if 
there is emulsification by turbu- 
lence in pipe flow) the relation 
might well be applied; but in stir- 
ring apparatus, with paddles and 
the like, the intensity of turbu- 
lence will vary appreciably, being 
highest close to the paddles. Al- 
though perhaps the maximum drop 
size may still follow roughly the 
-2/5 law of the energy input, it 
is reasonable to expect a much 
smaller value at least for the 
numerical constant. 

From the relation (3) it is possi- 
ble to calculate the value of 
(Nwe) crite This, of course, will be 
a statistical mean value. If one 
substitutes v? = 2.0(eDmar)% in the 
expression (Nye) crit = Daz! 6, 
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one obtains (Nye) crit = 2.00,¢2/8 
Dmaz?/?/6; thus with the empirical 
relation (3): (Nwe) crit = 20 
(0.725) 5/8 ~ 1.18. This value of 
roughly 1.2 is nearer to the value 
pertinent to the breakup of a drop 
in viscous shear flow, that is, ac- 
cording to type 2, than to that 
found for the breakup in a parallel 
air flow, that is, according to type 

Calculation of the values of Ny; 
pertinent to Dy; showed that in all 
cases N,,; was smaller than 0.3 and 
in most cases even smaller than 0.1. 
Obviously the duration of the fluc- 
tuating turbulence forces that 
were responsible for the breakup of 
drops larger than D,,,, was too 
short to allow of an appreciable 
viscosity effect. 


CONCLUDING REMARKS 


In three cases of the breakup of 
drops, namely that in a viscous 
shear flow, that in an air flow, and 
that in a turbulent flow, it has 
been shown that there may be 
various mechanisms of breakup in 
dispersion processes and _ that 
(Nive) crit Will then be different too. 
Apparently (Ny,) i: is appreciably 
smaller in breakup according to 
deformation type 2 than in breakup 
according to the other types of 
deformation. The difference in 
density between the dispersed and 
the continuous phase has an impor- 
tant effect on the way in which 
breakup occurs. 

Thus if one wants to apply values 
for crit Obtained in one way 
to other dispersion processes, one 
has first to make sure that there 
is not a basic difference between 
the two dispersion processes; if 
there is, incorrect results might be 
obtained. This has too often not 
been realized. 
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NOTATION 
D = globule diameter, cm. 
Daz = largest drop size, cm. 


Dy; = value of D for which 95% by 
volume is contained in the 
drops with D<Dpg;, cm. 

D,. = diameter of cylindrical thread, 
em. 
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S = maximum velocity gradient in 
external flow field, sec.-} 


v? = average value of square of dif- 
ference in turbulence velocity, 
sq. em./ (sec.) 
U = relative velocity with respect 
to globule, cm./sec. 
U, = maximum value of U, cm./sec. 
«= surface force per unit area, 
dyne/sq.cm. 
« = interfacial tension, dyne/cm. 
u=absolute viscosity, g./(cm.) 
(sec.) 
o = density, g./cm.? 
Copt = Optimum wave length (cm.) 
¢—=energy input per unit mass 
and time, or dissipation per 
unit mass, sq.cm./sec.? 
Ny; = viscosity group 
Nwe= Weber group=ctD/c, or 
o,U,2D/e, or 9,v2D/e 
(Nwe) crit = critical value of Ny, 
for breakup 


Subscripts 


¢ = continuous phase 
d = dispersed phase 
c.g.s. units are used. 
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Efficiency and Capacity Factors 


in Lube Extraction 


J. R. Felix and C. H. Holder, Esso Research and Engineering Company, Linden, New Jersey 


Premium-grade lubricating oils 
can be manufactured by phenol ex- 
traction of high-grade lube feed 
stocks. Aromatics of low viscosity 
index dissolve preferentially in the 
continuous phenol phase to form 
an extract, and paraffins and naph- 
thenes of high viscosity index are 
relatively insoluble and form a dis- 
continuous raffinate phase. Con- 
tacting is done in multistage plate- 
type towers using countercurrent 
flow between stages and cocurrent 
flow within stages. Phenol is re- 
covered from both raffinate and 
extract for recirculation to the 
system. The process is very versa- 
tile and with relatively minor vari- 
ations in process conditions is used 
to process stocks ranging from 
light napthenic base oils having a 
viscosity of 37 SSU at 210°F. to 
paraffinic premium-grade motor-oil 
bright stocks having a viscosity of 
200 SSU at 210°F. 

The results reported here were 
obtained during an experimental 
program aimed at increasing the 
contacting efficiency and capacity 
of the towers used in the extrac- 
tion step. Factors considered are 
the effects of extraction tempera- 
ture and interstage entrainment on 
extraction efficiency and of phase 
physical properties on capacity. 


EFFICIENCY STUDIES 
Definition of Extraction Efficiency 

A simple, accurate measure of 
stage efficiency was needed to in- 
terpret the laboratory data and 
since some of the experimental 
work was done in a single-stage 
unit, the efficiency used had to be 
translated to multistage commercial 
towers. 


Earlier work in these labora- 
tories showed that refractive in- 
dex (R.I.) was a good measure 
of lube-oil quality—viscosity index 
or paraffin plus naphthene content 
of the oil increasing with decreas- 
ing R.I. Thus the removal of aro- 
matics is related to the decrease 
in R.I. of the raffinate oil as it 
passes through a stage. Efficiency 
measurements were therefore based 
on this inspection. Stage efficiency 
was defined as the ratio of the R.I. 
decrease actually obtained in the 
stage to that obtained by batch 
contacting to equilibrium at stage 
temperature, feed oil, and phenol 
in the same volume proportions as 
fed to the stage. This ratio was 
called ‘“cocurrent” efficiency, de- 
fined as 


Commercial - tower contacting 
ability is commonly expressed as 
over-al] and/or Murphree efficiency. 
A relationship between these and 
the cocurrent efficiency was needed 
to relate results from the experi- 
mental single-stage unit to com- 
mercial extractors. The relation be- 
tween Murphree and over-all effi- 
ciencies has been derived(3) and 
for lube extraction is given by 


No = — — (2) 


og \ — 
NEM 


The relationship between cocurrent 
and Murphree efficiencies is given 
by 


TABLE 1.—FEED STOCKS USED IN TEMPERATURE STUDIES 


Gravity, 

Feed stock ALP al. 
Light Coastal 27.9 
Canadian 
Venezuelan 19.6 
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Viscosity @ 100° F. 


SSU Centistokes 
80 25.5 
160 34.3 

100 @ 210° F. 20.5 @ 210° F. 
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This expression in conjunction with 
Equation (2) relates the cocurrent 
and over-all efficiencies, a plot of 
the relationship being shown in 
Figure 1. 

Equations (2) and (3) are based 
on straight operating and equilib- 
rium lines. Study of a large num- 
ber of lube extraction diagrams 
based on refractive index has 
shown that this requirement is 
fairly well approximated in many 
commercial extractions, at least 
over sections of the extractor. 


Temperature Effect on Efficiency 

Lube extraction plants generally 
process feed stocks of widely dif- 
ferent viscosities in a single tower, 
and it- was recognized qualitatively 
that extractor efficiency tended to 
be lower on high-viscosity stocks. 
This was studied to get a more 
quantitative effect of temperature 
and, hence, viscosity on extraction 
efficiency. Three lube-base_ stocks 
of different origin covering a wide 
viscosity range were used. Physi- 
cal inspections on these oils are 
given in Table 1. 

A single-stage extractor was 
used in the work, and a schematic 
diagram of it and the auxiliary 
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Fig. 1. Over-all and cocurrent effi- 
ciencies. 
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equipment is shown in Figure 2. 
The extractor was 4 in. thick with 
20- by 30-in. glass front and rear 
faces with spotlights placed at the 
rear to permit observation of phase 
flows. Phenol was introduced to 
the stage through an_ internal 
downcomer; oil entered the stage 
just downstream of the downcomer 
outlet. Both phases then flowed 
through the mixing section of the 
stage and into the settling section. 
Phase mixing was caused entirely 
by the density difference between 
the phases. The vertical baffle in 
the mixing section and the oil- 
feed arrangement were the same 
in this series of experiments. 
Oil and phenol were fed to the 


INTERFACE 


CONTROL 
VALVE 
RAFF INATE 


EXTRACT 


PHENOL | 
FEED FEED | \ 
OIL 
ORIFICES 
EXTRACT RATFINATE 
PRODUCT 


PRODUCT 


Fig. 2. Extraction equipment. 


unit with small gear pumps, flow 
rates being measured with cali- 
brated rotameters. The oil was 
saturated with phenol prior to be- 
ing fed to the unit to avoid the 
indeterminate effect which satura- 
tion within the stage would have 
on efficiency and to simulate par- 
tially operation of an intermediate 
tray in a commercial tower. Phenol 
was the continuous phase. The 
volume of oil holdup in the mixing 
section of the stage was measured 
by withdrawing a sample of total 
mixing-zone liquid through a sam- 
pler tube installed so that it might 
be swung across the mixing zone 
area at any stage height. These 
samples were allowed to settle at 
stage temperature and the fraction 
of oil phase was then obtained. 
Table 2 lists the various tem- 
peratures and operating conditions 
used in the work together with 
phase physical properties and 
measured efficiencies. These data 
show that efficiency is increased by 
extracting at higher temperatures. 
With Venezuelan stock, for ex- 
ample, going from 139° to 200°F., 
at otherwise constant conditions, 
increased the efficiency nearly two- 
fold. The effect of oil-phase vis- 
cosity on efficiency is illustrated 
by comparing the run on _ the 
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Canadian oil at a volume flow ratio 
of 1.5 (line 2) with that on the 
Venezuelan oil at 139°F. (line 6). 
The change in raffinate viscosity 
from 7.7 to 31.5 centistokes caused 
a reduction in efficiency from 69 
to 37%. The data illustrate also 
that the oil holdup in the mixing 
zone igs an important variable. 
Comparison of the first two runs 
on the Canadian oil (lines 2 and 3) 
shows that increasing the oil hold- 
up from 14 to 24% gave an in- 
crease in efficiency from 69 to 88%. 
The oil holdup was found to be 
dependent upon the oil rate, the 
volume flow ratio of phenol to oil, 
and the oil content of the extract 
phase. 


A._FLOW SYSTEM B. EXTRACTION DIAGRAM 


EXTRACT AROMATICS 


| | 


PHENOL 
RAFF INATE AROMATICS 


c : AROMATICS CONTENT 


cr 


Fig. 3. Cocurrent extraction system. 


To assist in understanding these 
results and to extrapolate them to 
conditions not directly measured, 
the extraction system was analyzed 
by assuming that back mixing of 
the oil and phenol did not occur 
in the mixing zone. Observation of 
the flow pattern in the cocurrent 
mixing zone indicated this to be 
approximately correct. It was as- 
sumed also that the extraction in 
the single stage could be repre- 
sented by considering only the 
transfer of aromatics from the 
paraffins plus naphthenes to the 
phenol and that a straight equilib- 
rium line existed over the limited 
concentration change in the stage. 
With these assumptions, the sys- 
tem can be represented by Figures 
3 a and 3b. 

With reference to Figure 3a, the 
aromatics transferred from raffi- 
nate oil to phenol in the length dL 
are given by 


— Rdc = Krad (c — c*) dL (4) 


Rearranging and integrating over 
the mixing-zone height L, with 
constant Kp, and R give 


de KradALr 
c- R (5) 
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For a straight equilibrium line, 
CD in Figure 3b, 
c’= mc* + by (6) 
By an aromatics material balance 
from the stage inlet to height L, 
c’= (R/E) (cr —c) = s (er — 
(7) 


where s is the slope of the operat- 
ing line AB in Figure 3b. 
For oil drops of average di- 


_ ameter D and a fractional oil hold- 


up in the mixing section of f the 
drop surface area per unit volume 
of mixing zone is 


© 


It was assumed further that the 
major mass transfer resistance was 
in an oil film at the surface of the 
drop, and so the over-all mass 
transfer coefficient Kp was equal 
to the oil film coefficient kp. This 
latter coefficient, in turn, was con- 
sidered to be related to the oil- 
phase physical properties by a 
power function of the form: 


= by (9) 


This simplification is limited to 
extraction systems having the same 
general physical properties, for 
example interfacial tension. Sub- 
stitution of Equations (6) through 
(9) into Equation (5) gives 


CR 
cd 


b3 
6be fA Lr 
(10) 


The integral in Equation (10) can 
be evaluated to give a function of 
the cocurrent efficiency 4,. Direct 
integration of the left-hand side 
of Equation (10) gives 


m 
inf cr + (b1/m) 
m) (cr—Cr) 
(11) 
From Figure 30) 
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TABLE 2.—VISCOSITY EFFECT ON EFFICIENCY 
Extraction conditions Vol, flow Phase 
Mix.-zone ratio, viscosity, 
Oil rate, Temp., oil phenol centistokes t Cocurrent 
Feed stock bbl. /hr./sq. ft.* a Oe holdup, % to oil Raffinate Extract efficiency, % 
Light Coastal! 15.9 78 14 1.0 12.8 6.8 53 
Canadian 15.9 141 14 15 Tet ol 69 
15.9 141 24 0.5 G0 oa 88 
5.0 145 at 1.0 72 2.9 79 
16.5 150 28 1.0 6.7 VA 91 
Venezuelan 11.9 139 TZ 1.0 oD 3.0 37 
11.9 155 12 1.0 18.2 2.4 44 
11.9 200 14 iO 9.1 LS 70 


* Based on mixing zone area. 
+ At extraction temperature. 


* * * 
Ce = MCR b; =S8 (cr Cr) 


or 


b 
1 
> 
m 
Cr — Cr 
and 
* 
Cr — Cr 


From these definitions of s/m and 
4, there results 


Cr — CR 
Hence if the In term in Equation 
(11) is divided through by (¢,— 
Cp*), and Equation (12) and the 
definition for 7. are substituted 
there results: 


Cr 
1 1 
Cr 


(13) 
Substituting (13) into (10) and 
rearranging to solve for x, give 


R 


where 


6b 
bs = (14) 
Equation (14) is the result used 
in interpreting the experimental 
data in Table 2. Superficial oil 
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contact time is given by fAL,/R. 
Hence directionally a decrease in 
oil rate, an increase in mixing- 
zone area or height, or an increase 
in the fractional holdup of oil will 
increase extraction efficiency. As 
pointed out above, additional 
studies have shown that for lube- 
phenol systems, the fractional oil 
holdup f depends on the oil and 
phenol flow rate and the oil con- 
tent of the phenol phase. Since f 
and cs, depend on the physical 
properties of the extraction sys- 
tem and the dispersion method 
used, quantitative results from 
Equation (14) will depend on the 


A. DATA CORRELATION 
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Fig. 4. Efficiency increased by reduc- 
ing oil-phase viscosity. 


specific physical and mechanical 
system under study; however, the 
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general approach used to interpret 
the data is believed to be gen- 
erally applicable and could be ap- 
plied to other extraction systems. 
Rearrangement of (14) gives 


In (1—7,.) 
Gila) 


where G=the oil flow rate per 
unit of mixing-area cross section. 
By Equation (14a), a plot of the 
left-hand side vs. u, on log-log 
paper should yield a straight line. 
Figure 4a shows the data of Table 
2 plotted in this manner. The 
agreement of the data with theory 
is considered satisfactory in view 
of the assumptions made in the 
analysis. That oil-phase viscosity 
may control in lube extractions is 
indicated by this analysis as the 
efficiency data of Table 2 are not 
correlated by the efficiency func- 
tion if plotted vs. the phenol-phase 
viscosity. 

The large effect of temperature 
and hence viscosity on efficiency is 
shown more clearly in Figure 4b. 
This plot was prepared for an s/m 
value of unity, a mixing-zone oil 
holdup of 20%, and an oil-flow 
rate of 40 bbl./hr./sq.ft. In the 
range of oil-phase viscosities 
greater than 4 centistokes, a 50% 
reduction in viscosity for these 
conditions will increase cocurrent 
efficiency by about 16%, for ex- 
ample, from 50 to 66% efficiency. 

Interfacial tension between 
phases also affects stage efficiency 
by affecting drop size. With lube- 
phenol systems the interfacial ten- 
sion is relatively constant at about 
2.5 to 4.0 dynes/cm. and so oil 
drop diameters are relatively con- 
stant at about 1/16 to % in. To 
extend the range of interfacial 
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tension, phenol was extracted from 
kerosene with water. Table 3 shows 
the extraction efficiency obtained 
in comparison with that for a 
typical lube-phenol system under 
comparable extraction conditions 
and with the same extractor. The 
relatively low lube efficiency was 
due to the use of a stage arrange- 
ment somewhat different from that 
used in the temperature-efficiency 
work. 

The large drop size and low 
mixing-zone oil holdup caused by 
the high interfacial tension of the 
kerosene-water system reduced the 


from stage n is accompanied by 
entrained extract and recycle raf- 
finate carried into the stage by 
incoming extract; similarly, the 
normal extract flow from stage 
(n+1) is accompanied by en- 
trained raffinate and recycle ex- 
tract carried into stage (n+1) by 
stage-n raffinate. For perfect stages 
the entrained phase from any stage 
will be in equilibrium with the 
main flow of the other phase in 
that stage. If it is assumed that 
oil refractive indexes are additive 
on a volumetric basis, the follow- 


TABLE 3.—EXTRACTION EFFICIENCY REDUCED BY HIGH INTERFACIAL TENSION 


System 


Oil viscosity, SSU @ 80° F. 
Interfacial tension, dynes/cm. 
Mixing zone oil holdup, % 
Oil drop size (approx.), in. 
Cocurrent efficiency, % 


available surface area and holding 
time more than enough to counter- 
balance the greater turbulence in 
the large kerosene drops. Efficiency 
was therefore reduced. 


EFFECT OF ENTRAINMENT 
ON EFFICIENCY 


In any extraction, entrainment 
of internal phases occurs if the 
settling capacity of the stage is 
exceeded. This becomes critical in 
certain lube extractions where the 
phenol and lube stock form slow 
separating emulsions. The entrain- 
ment will affect the contacting 
efficiency of the stages. 

A brief literature review showed 
no estimate for the effect of dual- 
phase entrainment on efficiency in 
liquid extraction. Accordingly, an 
expression was derived to estimate 
the relative effect of raffinate phase 
entrainment vs. extract phase en- 
trainment and to set some limit on 
the amount of entrainment to be 
tolerated in an extraction without 
seriously affecting over-all tower 
efficiency. 

The following major assump- 
tions were made in deriving the 
result: 

1. The equilibrium and operating 
lines are linear. 

2. Equal entrainment occurs in all 
internal stages. 

3. The stages operate at 100% 
efficiency. 

4. Oil solubility is constant in each 
phase. 

The extraction system assumed 
In the derivation is shown in Fig- 
ure 5. The normal raffinate flow 
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Lt. Coastal Kerosene- 
oil-phenol water 
69 33 
3.1 17.0 
17 6 
1/16-1/8 1/4-1/2 
44 25 


ing balance can be written around 
the top of the extractor and stage 
n: 


(X¥+ €z¥) S.+ ESS, = 
(Y+ €,X ) Sz (15) 


Division of Equation (15) by 
(S,Y), S, and S, being assumed 
constant, with the ratio (S,X/S,Y) 
called s and the ratio (S,/S,) 
called R,, gives 


= sly + 


Sk, + + R 


+ Inst Rs (16) 


For a linear equilibrium line with 
the R.I. coordinates chosen to 
make this line go through the 
origin, 


I‘; = ml ;, for the 7 th stage. (17) 


Substitution of (17) into (16) 
with rearrangement gives 


where 
\m 
me 
+ m 
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Equation (18) is a first-order, 
linear difference equation which 
can be solved (2) to give 


9 
(19) 
The boundary condition on Equa- 
tion (19) is that at the feed stage 
the raffinate-oil refractive index 
equals that of the feed. Thus 


SOLVENT 


FINAL RAFF INATE 


NORMAL EXTRACT NORMAL RAFF INATE 
RECYCLE EXTRACT RECYCLE RAFF INATE 
ENTRAINED RAFF INATE ENTRAINED EXTRACT 


Fig. 5. System for phase entrainment. 


torn =9 


Substitution of this condition into 
Equation (19) gives 


Substituting this value for b, into 
Equation (19) and setting n=N, 
where N is the top stage of the 
entrained extractor, gives after 
rearrangement 


Ip—In 
Ip 


(1—A*) 


(1—A)—B (1—A*) 
(20) 


The result in Equation (20) can 
be expressed in terms of only the 
(s/m) ratio and the entrainment 
factor «, by substitution of the 
definitions for A and B. This sub- 
stitution gives 
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Solving Equation (21) for N with 
Uy —Ty)/Ip= 9% gives 


m 
m 


If no internal entrainment occurs 
and the extractor operates on the 
same feed to produce the same 
final raffinate, the number of 
theoretical stages required will be 


log 
m 
as er = 1.0. 


Hence, if the efficiency of an in- 
ternally entrained extractor is de- 
fined as the ratio of the number 
of theoretical stages needed for a 
given feed improvement to those 
needed when internal entrainment 
occurs, the efficiency will be 


na=N./N= 


4 
log 
m 


(22) 


If s/m= 1.0, the efficiency follows 
from Equation (21) by differenti- 
ating both numerator and de- 
nominator with respect to s/m and 
evaluating at s/m = 1.0. Doing this 
and solving for efficiency, as above, 
gives 


i 
Na = —,—- = 1.0 (23) 
m 


where «, is the entrainment factor. 
A plot of Equations (22) and (23) 
is shown in Figure 6. 

An estimate of the effect of 
phase entrainment on the extrac- 
tion efficiency by use of Equation 
(22) with typical plant values for 
the variables is shown in Table 4. 
For this typical lube extraction the 
efficiency of a perfect stage de- 
creases rapidly with increase in 
entrainment in either stream, and 
simultaneous entrainment in both 
streams is very serious. The calcu- 
lation shows also that efficiency is 
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TABLE 4.—EXTRACTION EFFICIENCY REDUCED. BY ENTRAINMENT 


Operating conditions 


Oil in raffinate (S,), vol. %=88 


Oil in extract 


(S,), vol. 9 


=20 


Equilibrium line slope (m), average =2.5 


Operating line slope (s), 


A. Entrainment in one phase 
Entrainment in 
Amount entrained, % 
Over-all efficiency, %* 


B. Entrainment in both phases 
Entrainment, %, in 
Extract 
Raffinate 
Over-all efficiency, %* 


average =2.3 


Extract Raffinate 
2 10 20 5 “10-0 
9 91 83 69 99 97 94 8&8 


bo 


5 10 5 
10 5 15 
87 81 84 


*Over-all efficiency =apparent efficiency. 


most reduced by entrainment in 
the extract. 

The results are only directional 
for an actual stage which operates 
at less than 100% efficiency when 
running entrainment free. It is 
probable that they do set a limit 
on the harmful effect of entrain- 
ment, as the efficiency of an actual 


100 
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BA s = OPERATING LINE SLOPE 
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APPARENT EFFICIENCY, 7), .% 
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1.0 1.8 2.0 
“ENTRAINMENT FACTOR, 
Fig. 6. Effect of internal entrain- 


ment on efficiency. 
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Fig. 7. More rapid separation of 
phases at higher temperatures. 
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stage would be expected to be less 
affected by a given amount of en- 
trainment as the unentrained effi- 
ciency of the stage decreased. It 
would appear, therefore, that up to 
about 5% entrainment in the ex- 
tract or 10% entrainment in the 
raffinate would not seriously reduce 
the efficiency of an actual stage in 
typical lube extraction service. 


CAPACITY STUDIES 


Maximum stage efficiency, though 
very desirable, is not the sole crite- 
rion of the performance of a com- 
mercial extraction tower. Tower ¢ca- 
pacity, or the maximum flow rates 
that can be successfully handled with- 
out entrainment, must also be con- 
sidered for a true rating of over-all 
tower performance. These factors are 
interrelated, as the presence of en- 
trainment shows that the capacity 
has been exceeded, and entrainment 
decreases efficiency. For high capacity 
the intimate mixture of phases in 
the mixing section of the stage must 
separate quickly, and this separation 
depends on the phsyical properties 
of the phases and the flow pattern 
in the settling section of the stage. 
For a given stage design the physi- 
cal properties will govern capacity. 


Temperature Effect 


An arbitrary, though quantitative, 
test of the settling characteristics of 
lube-phenol systems was devised to 
study the effects of phase viscosity 
and differential density. Equal vol- 
umes of phenol and oil were put in 
a small graduate and mixed with a 
standard stirrer for a fixed number 
of strokes while the graduate was 
maintained at constant temperature. 
This mixing gave an intimate mix- 
ture, or “emulsion,” of oil droplets 
in phenol. The time required for the 
emulsion to settle into two clear 
phases was used as a measure of 
the ease of separation of the phases. 

The effect of temperature on the 
rapidity of phase separation was in- 
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TABLE 5.—CAPACITY INCREASED BY HIGHER EXTRACTION TEMPERATURES 


Type of run 


Tower top temperature, °F. 
Tower bottom temperature, °F. 
Phenol-water content, vol. % 
Phenol treat on feed, vol.% 
Final extract-oil content, vol.% 


Maximum oil rate without entrainment, 


gal. /hr. 


Settling time, min., in Stage: 
9 (second from top) 
9 


vestigated by getting settling-test 
data at various temperatures on a 
wide variety of lube-phenol systems. 
The oil content of the extract, or 
phenol phase, was maintained con- 
stant at 25 vol. % by varying the 
phenol water content. Phase viscosity 
was estimated on the assumption that 
fluidities were additive on a volume 
basis. The rapid decrease in settling 
time associated with increasing tem- 
perature, illustrated for two of these 
stocks in Figure 7, indicates that 
higher capacity should result with 
higher extraction temperatures. 

The temperature effect was tested 
experimentally in a 20-stage pilot 
plant extractor(1). For the test work 
a paraffinic base stock was used which 
had a gravity of 18.7° A.P.I. and a 
viscosity of 225 SSU at 100°F. The 
extractor was cperated with a total 
of ten stages and a final extract oil 
content of 15%. Extractor feed rate 
was increased at two temperature 
levels, while the raffinate quality was 
maintained, until the entrained oil 
phase appeared in the final extract. 
Agitation speed was kept constant in 
these runs. Results of these tests are 
shown in Table 5. 

With the higher extraction tempera- 
ture, oil throughput was increased 
about threefold. As the phenol treat 
was held constant, the extractor 
over-all capacity increased by this 
same amount. It is seen that the in- 
creased capacity was accompanied by 
a decrease in the settling time of the 
internal tower phases. The results of 
this study coupled with the effects of 
temperature on extraction efficiency 
indicate that extraction temperature 
is a powerful variable in lube-oil ex- 
tractions. 


Effect of Physical Properties 
The settling-test data were gen- 
eralized by considering that the set- 
tling characteristics of the systems 
could be represented by Stokes’ Law. 
Expressed in terms of the time re- 
quired to settle a fixed distance, 
Stokes’ Law gives. 
1 9 (py—pz) 


Hence a plot of the reciprocal of set- 
tling time vs. the ratio of the dif- 
ferential density to extract-phase 
Viscosity should plot as a_ straight 
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Low High 
temperature temperature 
180 215 
160 195 

6.2 8.5 
124 124 
15.8 15.3 
0.5 to 0.8 2.0 
6 3 
8 4 


line. Figure 8 shows the settling-test 
data plotted in this way; data on 
kerosene-water were included to take 
advantage of the low extreme of oil 
viscosity. The data correlation is 


t 
} 
| 
| 
| 
| 
x 
Pr /CC ENTIPOISE 
Fig. &. Lube-phenol settling test 


following Stokes’ Law. 


T T 
ZA 
RAFF INATE ASE 
AFF INATE PHASE. 
i 
T T T T 
: DIFFERENTIAL DENSITY 
ro) _AND SETTLING TIME 5 
z 
0.1 
Oo 
= tI3¢ 
= 
= 
> ar 
o- 
7 7 9 
OLVENT STAGE NUMBER OIL 
INLET : INLET 


Fig. 9. Phase density and settling 
time in commercial extractor oil 
feed: Western Canadian paraffinic 
lube distillate; viscosity at 100°F. = 
78 SSU; gravity = 21.9° A.P.I. 
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quite good with the kerosene-water 
data falling in line with those for 
lube-phenol systems. The plot shows 
that settling time is decreased by an 
increase in the density difference be- 
tween phases or a reduction of the 
extract-phase viscosity. Stages where 
capacity is critical in a lube extractor 
will, therefore, be those where the 
density difference is least and the 
extract-phase viscosity the greatest. 
Figure 9 shows the changes in phase 
densities, differential density, and 
phase-settling time at flow conditions 
through a commercial extractor when 
a paraffin base oil is extracted from 
a Canadian crude source. The opera- 
tion was run with the oil feed enter- 
ing the bottom stage, this stage tem- 
perature being about 25°F. lower 
than the top stage. It is seen that the 
density differential is smallest and 
essentially constant in the bottom 
four or five stages, owing to the ex- 
tract density reaching a minimum 
value near the middle of the extractor 
because of the opposing effects of 
increasing oil content and decreasing 
temperature. Since the settling time 
of the stage phases increases pro- 
gressively down the extractor, the 
results indicate that extract-phase 
viscosity is the governing property 
in the bottom stages and that the 
capacity critical stages are the feed 
stages and those near them. 


SUMMARY 

The principal findings of the ex- 
traction studies reported here are 
as follow. 

1. Extraction temperature has a 
very marked influence on stage 
efficiency in lube-phenol extrac- 
tions; higher temperatures give 
higher efficiencies by reducing oil- 
phase viscosity. Interfacial tension, 
though not a major variable in 
lube extraction, also has a major 
effect on stage efficiency by af- 
fecting drop size. 

2. Interstage entrainment in 
either one or both phases in lube- 
phenol extraction reduces efficiency 
markedly, entrainment in the ex- 
tract being most serious. 

3. The flow capacity of extractor 
towers used in lube service in- 
creases with increasing extraction 
temperature. The capacity limiting 
stages are the feed stage and the 
stages near it. Viscosity of the 
continuous phase in these stages 
appears to be the governing physi- 
cal property. 
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NOTATION 


A = cross-sectional area, L 
a= surface area per unit volume, 
bj, bo, etc. = constants 
c=fractional concentration of 
aromatics in raffinate 
c’=fractional concentration of 
aromatics in extract 
D=drop diameter, L 
E = extract oil flow, L?/6 
f =fractional holdup of oil in 
mixing zone 
G = oil flow per unit cross section, 
L/6 
g = acceleration of gravity, 
I = raffinate-oil refractive index 
I’ = extract-oil refractive index 
K = over-all mass transfer coeffi- 
cient 
k = individual film mass transfer 
coefficient 


L =mixing section length or dis- 
tance, L 
m = equilibrium line slope 
R= raffinate oil flow, L3/6 
R, = S,/S, = phase solubility ratio 
S = fraction of oil in phase 
Ss = operating line slope in extrac- 
tion 
X = raffinate-phase flow, L?/6 
Y = extract-phase flow, 
¢, = entrainment of raffinate phase 
in extract phase, 
entrainment of extract phase 
in raffinate phase, L3/L3 
ey = entrainment factor 
N%q = apparent efficiency 
= cocurrent efficiency 
au = Murphree efficiency 
No = over-all efficiency 
= absolute viscosity, 
v = kinematic viscosity, L?/6 
= density, M/L? 
6 = time 


Thermodynamic Properties 


of Air 


Subscripts 

E = extract 
F = feed 

R = raffinate 


o,x =raffinate phase 
y = extract phase 
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In recent years the development 
of new sources and uses for high 
pressure air has emphasized the 
need for thermodynamic charts 
covering a wider pressure range 
than do the published charts. To fill 
this need, the chart by Williams 
(9) has been extended to cover 
pressures from 1 to 1,000 atm. in 
the temperature range of 300° to 
675°R. Previously published tem- 
perature-entropy charts for air, all 


including isoenthalpic lines, are 
those of 
Temp., Press., 
oR; atm. 
Gerhart (2).. 460t01,010 1t0238 
N.D.R.C. (8). 140to 760 1t0238 
Williams (9). 125to 500 1t0220 


The charts of both Gerhart(2) 
and Williams(9) were calculated 
from Joule-Thompson expansion 
data; the values obtained are also 
given in tabular form. The method 
for determining the values for the 
N.D.R.C.(8) chart is not reported; 
this chart is small and difficult to 

A ‘Dodds is at present with General 
Foods, Hoboken, New Jersey. 

Note: Figure 1, measuring 17 by 22 in., is 
available from the authors at a cost of 


25 cents for handling and mailing. 
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use and tabular results are not 
given. 

The additional values required 
for the chart presented here were 
calculated by the thermodynamic 
techniques outlined below and serve 
as an independent check on the 
calculations of both Williams(9) 
and Gerhart(2), which differ by 
less than 0.5% from those given 
in this paper. 

The sources of the data utilized 
and the range over which each 
source applied are as follows: 


Holborn and Otto (4,6) 
Nelson, Obert “Z” charts (7) ...... 
Williams (9) 


There are some P.V. data by Koch 
(6) and Witkowski(10) in the 
range 300° to 492°R. and 1 to 220 
atm. but they are not of sufficient 
quantity to be usable. The data 
which were available, as P.V. data 
or as Z charts, required calculations 
and graphical solutions to give the 
required enthalpy and_ entropy 
values(3). As a basis for construc- 
tion of the chart the value of zero 
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entropy has been arbitrarily as- 
signed to saturated liquid air at 
l-atm. pressure, and an enthalpy 
value of 100 B.t.u./lb. has been 
arbitrarily assigned to gaseous air 
at zero pressure and 0°R. 

The enthalpy of the air at any 
pressure and temperature is ob- 
tained from Equations (1), (2), 
(3), and (4). 


Temperature, °R. Pressure, atm. 


460 to 675 100 to 1,000 
492 to 675 1to 100 
300 to 500 220 to 1,000 
125 to 500 1 to - 220 


 =H* -—(H*-H) (i) 


PT 


H* af C, dT +100 (2) 
0 
P 
WS fut (204 ) gp 
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Fig. 1. Air-temperature 
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TABLE 1.—THERMODYNAMIC PROPERTIES OF AIR 


P = pressure, atm. 
P £ —126 —76 
100 H 153.10 174.97 
S 0.436 0.491 
200 H 141.50 163.54 
N) 0.359 0.418 
300 H 138.27 159.67 
S 0.324 0.381 
400 H 137.95 159.07 
S 0.301 0.358 
500 H 139.12 160.02 
Ss 0.284 0.340 
600 H 141.05 161.67 
Ss 0.271 0.326 
700 H 143.32 163.87 
S 0.260 0.315 
800 H 145.85 166.50 
S 0.250 0.305 
900 H 148.57 169.33 
S 0.241 0.297 
1000 H 151.46 172.08 
S 0.233 0.289 
PV 
— = 0.99941 — 
Z 0.99941 — x 
459.69 - 
(4 
1.0 ) 


The solution of Equation (3), 
which is necessary to solve Equa- 
tion (1), is accomplished graphi- 
cally from a plot of RT? (0Z/OT) >» 
vs. P or a plot of (0Z/0T) p vs. P. 
The value of (0Z/0T) p is obtained 
from a plot of Z vs. T at constant 
pressure. Smoothed values of (0Z/ 
OT) p are obtained by plotting the 
observed slopes against tempera- 
ture and using values obtained 
from the resulting curve. 

The entropy of the air at any 
pressure and temperature is ob- 


tained from Equations (5), (6), 
and (7). 
S = S* —(S* —S ) (5) 


aT 
= 
PI 492° R. 


P 
—Rln + 0.9045 (6) 


* 
dP (7) 
0 
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H = enthalpy, B.t.u. (int.) /Ib. 


S = entropy, B.t.u. (int.)/(Ib.) (°R.) 


—40 —4 32 104 140 176 
217.84 226.47 235.23 243.82 252.51 
0.9037 0.9226 0.9361 0.9507 0.9644 
217.49 226.19 234.96 243.70 252.39 
re OF 0.7925 0.8115 0.8251 0.8398 0.8542 
216.88 225.70 234.59 243.38 252.69 
0.7438 0.7630 0.7768 0.7916 0.8054 
215.02 224.15 233.28 242.13 291.02 
0.6929 0.7127 0.7270 0.7419 0.7561 
212.25 221.68 230.97 240.05 249.12 
0.6254 0.6457 0.6603 0.6756 0.6902 
187.46 198.14 207.45 217.39 227.00 236.65 246.49 
0.520 0.543 0.5693 0.5908 0.6058 0.6221 0.6378 
175.41 189.30 200.54 211.08 221.45 232.14 242.87 
0.451 0.479 0.5085 0.5313 0.5476 0.5657 0.5828 
170.96 185.00 196.54 207.54 218.55 229.83 240.93 
0.414 0.441 0.4712 0.4950 0.5125 0.5316 0.5492 
169.88 183.90 195.12 206.30 217.58 229.03 240.42 
0.389 0.417 0.4457 0.4697 0.4878 0.5073 0.5270 
170.15 184.50 195.43 206.61 217.94 229.42 240.93 
0.370 0.398 0.4269 0.4508 0.4691 0.4885 0.5067 
172.13 185.78 196.79 207.87 219.19 230.59 242.18 
0.357 0.384 0.4121 0.4359 0.4540 0.4733 0.4917 
174.21 187.63 198.78 209.79 221.01 232.36 243.99 
0.343 0.371 0.4000 0.4236 0.4415 0.4607 0.4792 
176.64 189.90 201.16 212.09 223.24 234.63 246.20 
0.333 0.361 0.3895 0.4131 0.438 0.4499 0.4682 
179.37 192.53 203.75 214.65 225.73 237.00 248.72 
0.325 0.352 0.3803 0.4037 0.4213 0.4404 0.4590 
182.31 195.45 206.49 217.42 228.36 239.67 251.45 
0.320 0.344 0.3719 0.3954 0.4128 0.4319 0.4507 


The value of 0.9045 is the en- 
tropy of air at 492°R. and 1 atm. 
referred to zero entropy for sat- 
urated liquid air at 1 atm. The 
value of the group (H*—Hp)r 
had been previously determined 
(see above), and the value of the 
integral of Equation (7) was de- 
termined graphically from a plot 
of (1—Z)/P vs. P. 

Calculations carried out accord- 
ing to the foregoing procedures 
resulted in the values given in 
Table 1. These values plus addi- 
tional values (9) served as the 
basis for construction of Figure 1. 
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NOTATION 
C, = heat capacity at constant pres- 
sure 


Hpr = enthalpy at a given tempera- 
turer T, and pressure P 

H*, = enthalpy of an ideal gas at 
a temperature, T 

P = pressure 

P,= pressure, standard condition 

R= gas constant 
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Ser = entropy at a given tempera- 
ture, T, and pressure, P 
S*pr = entropy of an ideal gas at 
a given temperature, T, and 
pressure, P 
T = temperature 
T,= temperature, standard condi- 
tion 
V = volume 
V, = volume, standard condition 
Z = compressibility factor 
Z,= compressibility factor at 
standard conditions (0.99941) 
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Diffusional Film Characteristics in Turbulent Flow: 


Dynamic Response Method 


John J. Keyes, Jr. 


Union Carbide Nuclear Company, Oak Ridge, Tennessee 


Application of a dynamic or unsteady-state technique to the problem of radial 
mixing in a tube is described. Measurement of the amplitude attenuation suffered 
by a sinusoidaily moduiated gas composition wave as it flows within an open (un- 
packed) tube makes possible the direct determination of an “equivalent gas film 
thickness” from which a mass transfer film coefficient may be readily calculated. 

A brief summary of the method employed for obtaining the necessary mathematical 
relationships is presented, along with descriptions of the techniques developed for 
measurement of smail amplitude differences at wave frequencies as high as 10 cycles 


/sec. 


Experimentally, conditions were varied to include a range of Schmidt number from 
0.18 to 1.24 and of Reynolds number from 4,000 to 50,000. The results of this work 
appear to fall nearly in line with the semitheoretical equation of Martinelli as written 
for mass transfer. Generally speaking, a was found to be an increasing function of 
Ns-, varying from about 0.5 to a maximum of 0.77; 8, in turn, was found to increase 


with Nee from 0.3 to 0.5. 


A suggestion for extending the method to measurement of eddy diffusivities in 


the axial direction is included. 


The fact that transfer of ma- 
terial between a flowing gas stream 
and an interface does not take place 
instantaneously is of prime signifi- 
cance in the design of equipment 
for separation and purification of 
fluid mixtures. Consequently, much 
work has been done, both theoreti- 
cally and experimentally, to ascer- 
tain the dependence of mass trans- 
fer rates on measurable quantities, 
such as gas properties and flow 
rates. The dynamic or unsteady- 
state method(7) shows promise as 
a new research tool for investiga- 
tion of these and other fundamen- 
tal problems. It is the intent of 
this paper to present the basic 
theory and to describe experimental 
techniques as developed for appli- 
cation of the method to mass trans- 
fer in open tubes, together with 
some preliminary data which seem 
to bear out the validity of the 
method. It is felt, further, that 
the techniques here described are 
applicable in general to other prob- 
lems where the dynamic method 
might be contemplated. 

The method makes use of the 
fact that a fluid stream which has 
a cyclically varying composition 
undergoes a decrease in amplitude 
and a corresponding phase shift 
by virtue of radial mass transfer. 
To visualize the mechanism in- 
volved one may find it helpful to 
consider the combined resistance 
to transfer by both eddy and mol- 
ecular diffusion as lumped into an 
“equivalent” diffusional film of 
such thickness, By, that the entire 
concentration gradient between gas 
and interface would be just suffi- 
cient to cause molecular diffusion 
through the film at the proper rate. 
The influence of the cyclic compo- 
sition variation, then, is to impose 
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a fluctuating radial concentration 
gradient,*the effect of which in 
combination with the hold-up or 
“capacity” of the gas film is to 
smooth out the variations and to 
introduce some phase shift as the 
wave progresses down the tube. 
The experimental procedure con- 
sists in comparing amplitude, and 
where necessary, phase of the out- 
let with that of the inlet stream. 
From these measurements it is 
possible by application of the ap- 
propriate functional relationships 
to determine the equivalent gas 
film thickness, and herefrom the 
film coefficient, k,, directly. No 
measurement of compositions with- 
in the tube need be made, and in 
contrast to wetted-wall techniques 
no liquid phase is required. This 
latter feature makes the dynamic 


WAVE GENERATOR 
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method particularly well suited for 
studies on noncondensable gas 
pairs. 

PREVIOUS WORK 

The cyclic method was employed 
by Bell and Katz(1) to determine 
surface heat transfer coefficients 
by utilizing sinusoidal temperature 
input. Later Dayton et al.(2) by 
an improved method obtained good 
agreement with conventional heat 
transfer data for several geome- 
tries. 

The original application to mass 
transfer was made by Rosen and 
Winsche(5), who investigated rate 
processes in absorption beds with 
sine wave input. 

Perhaps the most lucid exposi- 
tion of the method is that of Deis- 
ler(3), who extended the theory to 
a determination of three independ- 
ent rate mechanisms and applied 
the results to diffusion in a packed 
bed. Indeed, it was Deisler’s work 
which suggested the application of 
the dynamic method to the prob- 
lem considered here. 


APPARATUS AND INSTRUMENTA- 
TION 

The dynamic response method re- 
quires a means for generating the 
sinusodial composition wave at con- 
stant total flow rate and pressure 
together with a means for measur- 
ing the wave amplitude and phase. 
Frequencies in the range from 3 to 


SAMPLE OUTLET TO THERMAL 
CONDUCTIVITY CELL 


0035" 10. xX 37/32 ~ = 
SAMPLE INLET PROBE EXTENSION OF 
TEST SECTION 
GAS 1+2-4 ~ 
RELAY ARM 
RUBBER 
SEAT 
“ 6 oc 
MINIATURE RELAY 


VARIABLE DELAY 


< 
ROTATING cConTAcT ELECTRONIC GATE WITH 
CONTACT / ON DRIVE SHAFT 
Vi \\ ¢ 
x SLIP RING 


\ CLOCK MOTOR 
FOR PHASING 


Fig. 1. Diagram of apparatus. 
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10 cycles/sec. are required, depend- 
ing on conditions, to give measur- 
able attenuation. 

Figure 1 includes a sketch of the 
wave generator. It consists of a pair 
of matched bellows mounted rigidly 
at the ends and separated by a mov- 
able central partition, the latter be- 
ing attached to a scotch-yoke drive 
mechanism to give reciprocating mo- 
tion. Each bellows chamber communi- 
cates directly with a gas supply line 
as indicated. Because of push-pull 
action of the bellows, pressure and 
flow variations are canceled, giving 
as output the pure composition func- 
tion desired. Operation as high as 15 
cycles/sec. is feasible with this design, 
maintaining reasonably good wave 
form. 

Analysis of the modulated wave 
is basically by thermal conductivity; 
however direct, continuous sampling 
from the test section through the 
thermal element proved unsatisfac- 
tory. Even with a specially designed 
rapid-response cell, short lines, and 
low pressure, the output signal was 
found to fall off rapidly above 1 
cycle/sec., mainly because of mixing 
in the sample lines and chambers. 
Figure 2 is a block diagram of the 
apparatus as finally developed, cap- 
able of responding to as high as 10 
cycles/sec. but utilizing only stand- 
ard thermal conductivity cells and 
recorder. This scheme enables simul- 
taneous measurement of attenuation 
and phase shift. 

The test section consists of an 8-ft. 
length of glass tubing, 0.61 in. I.D., 
preceded by a 6-ft. entrance section 
and an expanded section of open pipe 
for attenuation of any harmonics 
present in the generated wave. Two 
relay operated rapid sampling valves 
are provided at either end of the 
test section for the purpose of moni- 
toring the gas wave. These valves 
act to withdraw a small volume of 
sample gas when energized for a 
predetermined fraction of a cycle 


P, 
CALMING 
SECTION 


Jy + A cos(wrt) 


Wave) 


Sample Wave 
(Without Scan) 


Sample Wave 


TIME —> 


Fig. 3. Operation of the rapid sampling system, illustrating reduction in 
output frequency. 
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Fig. 4. Typical wave trace; fundamental frequency, 
7 cycles/sec. 


(2 to 5%) by means of the rotating 
contact on the generator shaft. Pro- 
vision for delaying (or advancing) 
the action of valve B with respect 
to valve A is provided by an elec- 
tronic delay gate variable from 0 to 
250 msec. 

Operation of the sampling system 
can best be understood by reference 
to Figure 3. If points indicated by x 
represent withdrawal of a sample at 
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HARMONIC ! 
/ | TIMER 4 
/ (0-1 SEC) wer 
4X4 
WAVE SYNC'D | THERMAL 
(10 G/S) 
REF. GAS 


PHASING 
MEGHANISM 
(i G/M) 


GAS 


LEGEND: 

GAS FLOW 
—--—— MECH. LINKAGE 
ELEC. LINKAGE 


Fig. 2. Block diagram of apparatus. 
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each cycle of the fundamental wave 
at some arbitrary time, the output 
of the valve is a constant gas com- 
position with magnitude depending 
on the relationship in phase (or 
time) between the wave generator 
stroke and the signal to the sampling 
relay. To obtain a complete repre- 
sentation of the wave it is necessary 
simply to scan through 360° by con- 
tinually rotating the phase of the 
synchronizing contact with respect 
to the generator shaft. Thus, the 
sampling point is made to traverse 
the wave, as indicated by the points 
marked e, at sufficiently low fre- 
quency for the analytical system to 
follow. The over-all result is a re- 
production of the original wave in 
amplitude and phase but at greatly 
reduced frequency. A scanning rate 
of about 1 cycle/min. is satisfactory. 
Figure 4 is the trace of a typical 
wave form so obtained. Figure 1 
shows an isometric view of the relay 
valve and scanning mechanism. Fig- 
ures 5 and 6 are, respectively, photo- 
graphs of the wave generator and of 
the over-all apparatus. 

The method of determining at- 
tenuation and phase is straightfor- 
ward. Outputs of the two samplers, 
at 7 cm. Hg, flow to opposite sides 
of a thermal conductivity bridge 
(Gow-Mac Company, NRL Model), 
the output of which depends on 
amplitude and phase relationships of 
the two input waves. If these are 
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Fig. 5. Wave generator and phasing 
mechanism. 


exactly in phase, a sensitive recorder 
connected across the bridge will indi- 
cate amplitude difference directly. 
Thus, when the variable delay on B 
is adjusted for minimum output 
amplitude, which will approach a 
true null as A(L)->A(O), the two 
sample waves are in phase, and the 
delay as read on the timer is a meas- 
ure of the phase lag between the 
sample points. The attenuation ratio 


of the wave 
AQ) _,__A(@) AW) 


A(O) 
is obtained from the indicated ampli- 
tude difference and the initial ampli- 


tude A(O). 


ANALYTICAL TREATMENT AND 
DISCUSSION 


An understanding of the mech- 
anism by which. equivalent film 
thickness is related to attenuation 
and phase shift of the sinusoidal 
composition wave can best be at- 
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Fig. 6. Over-all view of the apparatus. 


tained by consideration of the be- 
havior of the wave with reference 
to its radial and longitudinal travel. 
Attention is here confined to the 
case of an open (unpacked) tube 
through which the gas is flowing. 
As indicated in the introductory 
remarks, use is made of the equiva- 
lent gas film concept in the analy- 
sis. This simplifying approach is 
probably adequate provided con- 
sistency in the definition of the 
transfer coefficient is maintained. 
Accordingly, the gas film coeffi- 
cient, k,, is related to film thick- 
ness, B,, as follows: 
D 
ky 1) 
where ¢ and D are respectively gas 
density and molecular diffusivity. 
Tquation (1) is simply the expres- 
sion of Fick’s law for equi- 
molar, countercurrent diffusion. 
Since the experimental measure- 
ments yield values for B, directly, 
as will be seen, it was decided to 
report the results in terms of the 
latter quantity, with the under- 
standing that the mass transfer 
coefficient which would obtain for 
a given N,, and Ng, is directly 
calculable from Equation (1). 
The interior of the tube of di- 
ameter d is divided into a central 
turbulent core of uniform radial 
composition y and constant mass 
velocity G, based on the inside 
tube area, and a peripheral non- 
turbulent film of thickness B,, uni- 
form velocity V (the assumption 
of uniform velocity in the film be- 
ing necessary to obtain a solution 
in closed form), and varying radial 
composition y, as indicated in Fig- 
ures 7 and 8. As the gas wave 
progresses along the tube, there is 
exchange by diffusion between the 
core and film, the net result of 
which is equivalent to mixing of 
the components of the wave (ampli- 
tude reduction) and lagging behind 
of the wave crests (phase shift). 
Note that there is no net radial 
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flow. only transient flow alternately 
toward and away from the wall. 
In addition, there may also be 
mixing in the axial direction, de- 
pending on the magnitude of the 
longitudinal eddy diffusion coeffi- 
cient, D,, and the concentration 
gradient. It is desired to obtain a 
quantitative expression for the re- 
lationships among these variables. 
The differential material balance 
over a cylindrical core volume ele- 
ment in the direction of flow is 
first written (see Figure 7): 
Core Equation 


4NQ+2Be/d) Vv (c 


d V Oz 
Des + =o (2) 


N is the rate of transport of one 
component from the core to the 
film, based on the inside film peri- 
meter and evaluated at «= By. 
Vy/V, the ratio of maximum to 
average velocity, depends on the 
particular choice of the film veloc- 
ity, V: 


1. V=0 Vu/V™1+4+4 a 
? Br 
2. V=Vy/2: Vu/V 


3. V=Vu Vu/V&1 


N is obtained from an independent 
material balance across the film 
(see Figure 8): 

Film Equation 


2 

fer 2 at 
Ox 
Obviously, 
N = (4) 
x=Bp 

Boundary conditions for (3) are 


oy 
=0 5 
or |~° (5) 
(6) 
z=Bp 


It is desired to obtain a solution 
of (2) at z=L, subject to the 
harmonic boundary condition at 
the inlet, z=—0: 


y = ym + A (0) cos wt (7) 
Equations (2) and (3) can be 
readily solved by the method of 


separation of variables, if the co- 
efficients V, 2, D, D,, ete., are as- 
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sumed to be constants,* and exp 7 
(tot) is taken as the time de- 
pendent factor, a consequence of 
(7). In the final step imaginary TUBE DIAM: 0.604" (1.0.) 
terms are dropped, and a solution | 008 |— ee ee 4 
to (2) of the following form is eh ee | 
reached: | | 
P 2 004 |— 
y (2) = yw + A (O) exp[— R (z)] cos Ele | 
— 2 s paiR Ng > 
| B____ 15%He -85%C09-0.18 
| 15%AIR-85%COp -0.53 
COs - 0.82 4 
A\(L) = exp [— RF (L)] attenuation 3 | | 
A,(O) | 
ratio (9) | = 
| 
R, the attenuation exponent, and | 
ve 3000 #000 50006000 7000 10000 20000 ye 30000 40000 60000 
of known quantities G, REYNOLO'S NUMBER, Npe= 
and of B,, which is to be de- 
termined. Solutions have been ob- Br 
Fig. 9. Summary of experimental results: — 
tained for the three assumed film P d vs. Nr 
ployed in this work.) Hence, the 
; J 4 second order term in (2) is dropved: 
t 1 OB 
| R(L) = 
cosh y + cos y 
| where y = 
xxx \ / 1 
| | 2 
; When y is sufficiently small that 
Fig. 7. Nomenclature for core equation. the hyperbolic and_ trigonometric 
functions can be represented by their 
dz respective series with only first and 
aa 1; third degree terms included, the pre- 
x A 7. { ceding result simplifies considerably: 
Vy + (52) a 
y VIR / R(L)= (1—2B,/d) 
| “Firm KX) | % 3dGD 
ly # f) ox Equation (10a) holds to within about 
A & 1 1% when solved for B,, with y as 
t | great as 1.0. It is apparent that the 
W attenuation will be a strong func- 
y tion of frequency and of film thick- 
Core ness in particular. The method is 


Fig. 8. Nomenclature for film equation. 


velocities already discussed. The 
result for R is essentially inde- 
pendent of V, and one may con- 
clude that knowledge of the veloc- 
ity profile is not necessary so far 
as amplitude measurements are 
concerned. Since, on the other hand, 
¢ does exhibit a strong dependence 
on assumed velocity distribution, 
it was decided to base all results 
on the attenuation measurements 


*This is 
say, <10% 


essentially true for small amplitudes, 


Page 308 


and to leave for a possible future 
program the interpretation of 
phase shift data. 


Attenuation Exponents 


Case 1. Longitudinal diffusion is 
negligible in comparison with radial 
diffusion. 

This situation obtains normally, 
since longitudinal concentration gradi- 
ents are very much smaller than 
the radial gradients. (Wave lengths 
of the order of 2 to 10 ft. were em- 
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therefore quite sensitive for deter- 

mination of the latter quantity. 
Case 2. Perfect radial mixing is 

assumed and Br=0 is set in Equa- 

tions (2) and (8), only the longi- 

tudinal mixing effect being left. 
For this case 


po LD, 
3 


CG 


Some notion of the magnitude of 

the longitudinal effect can be obtained 

by substitution of typical values in 

Equation (11): 

V =G/o = 28 ft./sec. (correspond- 
ing to Np, = 10,000 in 0.6-in. 
I.D. tube) 


R' (L) = (11) 


September, 1955 


D 
L 
| 
] 
| 
| 
—— 
) 


the 


wo = 2nf = 24/sec. 
D, =D =1.8X10-* sq.ft./sec. (air- 
COz) 
8 £t., 
giving 
A (L) 


410) 


axial mixing 
0.9995 
Even though D, were 100 times as 
great as D, which might possibly be 
true at very high Np,, the effect of 
longitudinal diffusion is probably 
negligible as assumed, since under 
these same conditions 


Light 
Gas pair comp., % cp. 
He-CO; 15 1.61X<10-? 
He-Air 10 1.81 
Air-CO, 15 1.50 
Air-CO, 50 1.61 
He-CO; 84 1.85 
Air-CO, 85 


Air-Freon-12 90 1.73 


(values given at 25°C., 1 atm.) 


A (L) 


~0.9. 


A (O) radial mixing 


EXPERIMENTAL CONSIDERA- 
TIONS AND RESULTS 


Film thickness determinations 
covering a wide range of Reynolds 
and Schmidt numbers were desired. 
Because of their availability and 
sensitivity to analysis by thermal 
conductivity, the following gas 
pairs were employed: 


p, D, 
Ib./cu. ft. sq. ft./sec. Ng. 
9.76 10-2 6.2 10+ 0.18 
6.76 yes 0.24 
10.72 1.77 0.53 
9.36 1.77 0.65 
2.67 6.2 0.82 
8.02 1.77 0.82 
9.88 0.95 1.24 


Reynolds numbers were varied 
from about 4,000 to 50,000 for the 
85% air-15% CO, system; the 
upper limit for the other systems 
was 20,000 to 30,000. 

Because of difficulty in interpre- 
tation of the phase shift measure- 
ments, as well as some uncertain- 
ties in the data, discussion of this 
portion of the work has been omit- 
ted. 

Typical amplitude data for 85% 
air-15% CO, are listed in Table 1. 
Repeat runs at approximately con- 
stant Np. but varying frequency 
are included for the purpose of 
ascertaining any second-order fre- 
quency dependence. In addition, 
some runs at varying initial ampli- 
tude, A(O), were made to detect 
possible nonlinearity. Results of 
the attenuation measurements are 
summarized in Figure 9. 


Discussion of the Results 

Logarithmic plots of B,/d vs. 
Nr, with Ng, as parameter, Fig- 
ures 9 and 10, are suggested by 
conventional mass transfer corre- 
lations of the form 


TABLE 1.—TYPICAL DYNAMIC RESPONSE AMPLITUDE DATA 


15% COe—85% Air 
Tube length ZL =8.03 ft. 
Tube diameter d=5.07 ft 


Flow 
rate, Frequency 

Run cu. ft./min cycles/ 
number 25°C. 1 atm. min. 
11 1.310 162 
25a 1.850 208 
12a 1.956 161 
b 1.956 211 
83 2.44 206 
13a 3.035 202 
b 3.035 290 
24c 3.81 251 
b 3.81 291 
Bein 3.81 363 
82 3.85 205 
14 4.10 273 
10a 4.10 275 
c 4.10 323 
23d 573 246 
a 363 
80 6.93 231 
79 6.95 307 
78 7.56 382 
17a 8.10 321 
22 8.10 323 
15d 8.10 329 
18c 8.10 382 
15b 8.10 470 
73 10.84 261 
74 10.91 335 
27a TEG 303 
b 11.75 341 
d 11.75 494 
8la 17.45 383 
76 17.60 415 


Initial Measured 
amplitude attenuation 
A(O), A(L 
7.6 0.409 
6.2 0.592 
5.6 0.739 
6.5 0.613 
8.0 0.801 
5.5 0.872 
(A! 0.742 
5.6 0.886 
6.5 0.874 
7.6 0.794 
0.936 
6.5 0.886 
7.8 0.895 
6.0 0.838 
— 0.969 
— 0.905 
6.0 0.984 
6.0 0.968 
— 0.962 
6.0 0.977 
5.0 0.977 
5.0 0.981 
5.6 0.955 
8.5 0.930 
4.0 0.9930 
5.2 0.9875 
4.6 0.9948 
5.2 0.9903 
6.9 0.970 
— 0.9941 
5.2 0.9328 
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(Ng,=0.82) 
Temperature: approx. 25°C. 
Pressure: approx. 1 atm. 


Br 
from 

Eq. (11) 
770 1.402 0.0760 
5330 1.240 0.0566 
5640 1.082 0.0556 
5640 1.227 0.0553 
7080 1.005 0.0462 
8750 0.913 0.0397 
8750 1.127 0.0407 
10960 0.918 0.0358 
10960 0.928 0.0339 
10960 1.077 0.0352 
11100 0.775 0.0346 
11820 0.925 0.0347 
11820 0.888 0.0323 
11820 1.018 0.0328 
16450 0.668 0.0259 
16450 0.910 0.0280 
20100 0.570 0.0229 
20150 0.680 0.0228 
21900 0.720 0.0228 
23500 0.640 0.0209 
23500 0.640 0.0213 
23500 0.660 0.0193 
23500 0.786 0.0235 
23500 0.888 0.0241 
31400 0.495 0.0182 
31500 0.574 0.0186 
34100 0.442 0.0145 
34100 0.535 0.0166 
34100 0.740 0.0193 
50500 0.505 0.0149 
51000 0.532 0.0147 
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Br/d=KkNre “Ngo (12) 


A dependence on a Reynolds num- 
ber of this form does indeed seem 
to fit the experimental results for 
Nre<20,000, with « an increasing 
function of Ny, as indicated in 
Figure 11. At high Np,, however, 
there is some apparent leveling off 
of the dependence, attributable 
possibly to certain experimental 
difficulties : 

1. At the higher fiow rates there 
appears to be a small frequency 
effect, as shown in Table 1, tending 
to raise the film thickness as fre- 
quency is increased at constant Np,. 
This effect may be due in part to 
increased wave distortion. 

2. Spread in the results for B,/d 
at constant Np,, increasing at the 
higher flow rates, may be attributed 
also to exaggeration of random 
errors, a consequence of the increased 
sensitivity required to measure 
smaller and smaller amplitude dif- 
ferences. 
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Fig. 11. Schmidt-number dependence 
of Reynolds-number exponent, 
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high range, say 0.6<N¢,<1.2, could 
one interpret such a relationship 
to hold. Figure 13 illustrates the 
observed variations in slope, -, 
based on the above limited range, 
with 
Comparison with Theory 

It is apparent from the variation 
in slopes of both Np, and Ng, di- 
agrams that the simplest form of 
Equation (12), obtained by assum- 
ing constant exponents, does not 
represent the results here reported. 
Some previous work with the equa- 
tion of Martinelli(4), as written 
for mass transfer, had been en- 
couraging; consequently, it was 
decided to compare the results with 
this semitheoretical equation: 


d 


3. Longitudinal mixing may con- 
tribute to the observed attenuation 
at high N,,, although this seems un- 
likely. 

It might be pointed out, on the 
other hand, that variation in initial 
amplitude A(O) from 2% to 8% 
had no significant effect on the 
results. (This conclusion might 
have to be qualified under extreme 
conditions, such as the case of a 
high proportion of He in COs, 
where gas density changes signifi- 
cantly with composition.) 

Figure 12 illustrates the ob- 
served dependence on Schmidt 
number at constant Reynolds num- 
ber. In this case the data do 
not indicate a linear relationship 
over the entire range of Ng, as 
ordinarily assumed. Only at the 


(13) 


0.9 
aN se Nre 


R, is the ratio of mean to maxi- 
concentration difference. 
Equation (13) was derived from a 
more general form of the equation 
as given by Sherwood and Pig- 
ford(6) by substitution of the 
simplified Blasius friction factor 
expression 


0.046 


N 0-2 
Re 
The value of the parameter 


was taken as 0.9, based on a com- 
parison of some earlier data. 
Comparison of the results with 
Equation (13) is included in Fig- 
ures 10 and 11. The Martinelli 
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equation plots nearly linearly with 
Nae at constant Ny,, over the range 
of interest, falling a little below 
the measured results. Note that the 
experimental and theoretical slopes, 
—x, compared in Figure 11, exhibit 
similar variations with Ng,, with 
particularly good agreement for 
Ng, >0.8. 

Figure 12 is a further compari- 
son of results with Equation (13). 
B,/d is considered a function of 
Ng, at constant Np,. The anomalous 
behavior of He-CO. is observed 
in Figure 10 as a lack of agree- 
ment with air-CO, data at the 
same Schmidt and Reynolds num- 
bers and is evidenced further 
by the abnormally low Np, and 
Ng, dependence (Figures 11 and 
13). These effects are not at present 
understood. 

Variations in experimental and 
theoretical slopes, —8, with as 
plotted in Figure 13, show sur- 
prising similarities. There seems 
to be a leveling off in 8 with in- 
creasing Np, toward a value some- 
what above 0.44 obtained by Gilli- 
land. 

An interesting potentiality of 
the dynamic method for measure- 
ment of axial eddy diffusivity in 
open tubes exists, for it can be 
shown that phase shift of the 
modulated wave should occur in- 
dependently of longitudinal mix- 
ing. From simultaneous measure- 
ments of attenuation and phase, 
therefore, D, may be determined. 
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Difficulty in obtaining and inter- 
preting phase measurements has 
thus far prevented attainment of 
this end. 


Discussion of Experimental Errors 

Aside from ever-present errors, 
such as those in calibration and 
flow metering, certain difficulties 
associated with generation and de- 
tection of the modulated wave 
might be mentioned. Wave distor- 
tion may be introduced at the gen- 
erator by bellows mismatch, play 
in bearings and yoke, excessive 
pressure differences between bel- 
lows, etc. If not too serious, such 
distortions can be removed by the 
expanded tube filter, which at- 
tenuates the higher order har- 
monics. 

The rapid sampling technique in 
itself may introduce apparent wave 
distortion, particularly if the phas- 
ing rate is too great compared with 
the fundamental frequency or if 
the sampling time is too long. In 
general, the phasing frequency 
should not exceed 0.5% of the 
fundamental, and the sampling 
time 5% of a cycle. Figure 4, 
previously discussed, illustrates the 
good sinusoidal wave form attain- 
able. 


CONCLUSION 

The dynamic response method 
shows promise as a tool for funda- 
mental studies related to gas mix- 
ing and mass transfer, where con- 
ventional methods are unwieldy or 
in some cases inapplicable. The 
work described here is an illustra- 
tion of the sensitivity and flexi- 
bility of the method and of the 
nature of experimental techniques 
found applicable to the specialized 
problems of generating and moni- 
toring a high frequency gas com- 
position wave. Experimental evi- 
dence of deviations from the 
commonly utilized mass transfer 
correlations is discussed. Because 
of the preliminary nature of the 
results, no attempt to present a 
specific correlation of the data has 
been made other than to point out 
the similar trend to that predicted 
by the semitheoretical Martinelli 
equation. 
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NOTATION 
A = interfacial area, sq. ft. 
A(L)=amplitude at distance L 
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from inlet 
A(O)= amplitude at inlet 
By = equivalent film thickness, ft. 
d = inside tube diameter, ft. 


D=molecular diffusivity, sq.ft./ 
sec. 
D, = longitudinal (eddy) dif- 


fusivity, ft./sec. 
f =friction factor 

G =axial mass velocity, lb./ (sec.) 
(sq.ft. ) 

k,=gas film transfer coefficient, 
Ib./ (sec.) (sq.ft.) (mole frac- 
tion) 

K, = over-all gas film mass trans- 
fer coefficient, lb./(sec.) (sq. 
ft.) (mole fraction) 

L = tube length, ft. 

N=radial mass velocity of one 
component, lIb./ (sec.) (sq.ft.) 

Nae = Reynolds number, dV2/u 

= Schmidt number, p/eD 

R(L)= radial attenuation exponent 

R'(L)= axial attenuation exponent 

R,=ratio mean to maximum Ay 

= time, sec. 

V = velocity of film, ft./sec. 

V = average velocity, ft./sec. 

Vy = maximum velocity, ft./sec. 

W' = radial mass rate of diffusing 
component, lb./sec. 

«=radial distance from tube 
wall, ft. 
y = film concentration 


y = core concentration 


Vy = Mean core concentration 
z= distance from tube inlet, ft. 


Greek Letters 

«= Reynolds number exponent, 
also «a= E,y/Ey(=eddy dif- 
fusivity for heat or mass/ 
eddy diffusivity for momen- 
tum) 

8 = Schmidt number exponent 

y = (20/D)*Bp 


u = mean viscosity, lb./ (ft.) (sec.) 

¢=mean density, lb./cu.ft. 

¢ = phase shift 

=angular frequency, radian/ 
sec. 
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Total Pressure Method for Vapor-liquid Equilibria 


at Low Absolute Pressures: Aniline-nitrobenzene Systems 


G. W. Holtzlander and J. W. Riggle 


E. I. du Pont de Nemours and Company, Wilmington, Delaware 


Binary vapor-liquid equilibrium data for use in the successful design and operation 
of mass transfer equipment at pressures down to approximately 5 mm. Hg may be 
advantageously obtained by the method of total pressures. In this method the desired 
equilibrium data are derived from pressure vs. temperature measurements on a con- 
venient number of made-up solutions covering the entire composition range. 

With a modified Smith and Menzies isoteniscope, it is possible to measure ac- 
curately the data required for making the equilibrium calculations down to 2 mm. 
abs. pressure without the “bumping,” supercooling, and superheating encountered 
with equilibrium stills. The isoteniscope is simple to construct and operate from 1 


atm. to 2 mm. abs. 


The use of the total pressure method and the isoteniscope is illustrated by the 
determination of the vapor-liquid equilibrium in the aniline-nitrobenzene system at 
5 and 10 mm. abs. In nineteen out of twenty instances the vapor compositions for a 
given liquid composition are precise to within + 0.9% and the relative volatility, 
which varied between 2.54 and 1.85 over the composition and temperature ranges, 


is precise within + 1.5%. 


One of the basic types of data 
required for the successful design 
and operation of mass transfer 
equipment such as distillation col- 
umns, absorbers, strippers, and 
condensers is equilibrium vapor- 
liquid composition. Numerous 
methods of measuring and calcu- 
lating vapor-liquid compositions as 
well as data on many specific sys- 
tems have been reported in the 
literature, but comparatively few 
applications of the method of total 
pressure are reported for obtain- 
ing vapor-liquid data in the range 
of pressures from 5 mm. Hg to 1 
atm. Only a few binary systems 
have been reported at pressures of 
5 to 10 mm. which might be used 
for studying operating character- 
istics such as plate efficiencies of 
vacuum distillation columns. 

This paper is concerned with the 
explanation and application of the 
total pressure method to a specific 
system as well as a description of 
apparatus which has been success- 
fully used to measure the data re- 
quired for this method. A large 
part of the discussion presupposes 
a knowledge of the theory of non- 
ideal vapor-liquid phase behavior, 
as space will not permit a com- 
plete review of the development 
and reasoning behind many of the 
statements and equations. The 
reader desiring background infor- 
mation is referred to the papers 
published by Carlson and Colburn 
(1) and Wohl(14). 

The total pressure method of 
obtaining vapor-liquid equilibrium 
data on binary systems was theo- 
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retically explored to some extent 
by Redlich, Kister, and Turnquist 
(10) and by Carlson and Colburn 
(1). Redlich and Kister(9) used a 
slightly modified form of the total 
pressure method to obtain values 
of «, the relative volatility, for the 
binary systems formed by the three 
isomers of xylene with ethylben- 
zene and for the system isopentane 
n-pentane. The values of the rela- 
tive volatility obtained(9) were 
precise to +0.10%. 

Briefly stated, the total pressure 
method for measuring binary va- 
por-liquid equilibrium data con- 
sists of the following steps: 

1. Measurement of the total pres- 
sure vs. temperature relationships 
for four to eight made-up solutions 
throughout the composition range of 
the binary system. 

2. Use of curve-fitting techniques 
to obtain the constants in one of the 
integrated forms of the Gibbs-Duhem 
equation (a differential equation of 
thermodynamics which relates the 
composition of any phase to the 
activity of any given component). 

3. Calculation of the vapor-liquid 
equilibrium from the constants and 
vapor-pressure data for any con- 
stant pressure within the range of 
data. 

Since total pressure data may be 
measured in static equilibrium ap- 
paratus where no boiling takes 
place, the total pressure method 
eliminates the bumping and un- 
steady boiling frequently found in 
stills operating at low pressures. 
It is nearly always possible, there- 
fore, to obtain low-pressure vapor- 
liquid data by this method which 
are much more precise than the 
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data taken in equilibrium stills. 
Furthermore, in some_ systems 
where there are no convenient 
analytical methods for measuring 
the composition of the phases and 
where no contamination of the 
components occurs during experi- 
mental work, the total pressure 
method offers a means for obtain- 
ing vapor-liquid values, as data 
can be obtained from made-up 
solutions. 

The apparatus best adapted for 
obtaining the total pressures at 
low absolute pressures is a slightly 
modified form of the isoteniscope 
reported by Smith and Menzies 
(12). This apparatus in combina- 
tion with gauges, ballast tanks, 
and vacuum pumps has been used 
up to this time only to measure 
the vapor pressure of pure ma- 
terials. For this work on the ani- 
line-nitrobenzene system, the Smith 
and Menzies isoteniscope was modi- 
fied, the vapor volume being de- 
creased in relation to the liquid 
volume to minimize changes in 
liquid composition caused by va- 
porization of the more volatile 
component during operation. In 
addition, means for providing ade- 
quate agitation were included in 
the modifications, and a few other 
minor changes were made to aid 
in the operation of the device. 

The total pressure method and 
isoteniscope were applied to the 
problem of obtaining precise vapor- 
liquid equilibrium data for the sys- 
tem aniline nitrobenzene at 5 and 
10 mm. abs. pressure as an illus- 
tration of the techniques involved. 
This system was selected because 
it may be advantageously employed 
as a test system for determining 
operating characteristics of vacuum 
distillation columns. Its advan- 
tages for such use are (a) boiling 
temperatures are in the range of 
50° to 100°C. at 5 to 10 mm.; (0) 
analytical determinations may be 
readily performed on the mixtures; 
(c) the components are completely 
miscible and there is no azeotrope 
in the system; (d) the relative 
volatility is of such value that a 
reasonable number of plates or 
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transfer units may be included in 
any test column; and (e) the com- 
ponents have nearly equal molal 
latent heats. Data on the vapor- 
liquid behavior of this system, 
therefore, will prove valuable for 
the study of distillation column 
behavior as well as for the design 
of process equipment. 

The following paragraphs de- 
scribe the operation and construc- 
tion of the apparatus used in ob- 
taining the total pressure data and 
the techniques used in converting 
the information into the desired 
vapor-liquid compositions. The a-y 
data for the aniline-nitrobenzene 
system at 5 and 10 mm. abs. pres- 
sure are presented in tabular and 
graphical form. 


APPARATUS AND EXPERIMENTAL 
PROCEDURE 


The modified Smith and Menzies 
(12) isoteniscope used to measure 
the total pressures of the aniline- 
nitrobenzene solutions is shown in 
Figure 1. For this system the size of 
the liquid bulb was increased to 200 
ml. to prevent appreciable change in 
the liquid composition when vaporiza- 
tion occurs. A stopcock was added to 
the outlet of the isoteniscope to give 
better control of the apparatus, and 
a magnetic stirrer was incorporated 
in the bulb to ensure intimate con- 
tacting of the vapor and liquid phases 
and also the rapid attainment of 
thermal equilibrium of the contents 
of the bulb with the surrounding 
bath liquid. 

The following procedure was used 
during each run. The isoteniscope 
was connected to a vacuum pump and 
evacuation was allowed to proceed 
for several minutes. Stopcock A (Fig- 
ure 1) was closed and the connection 
to the vacuum pump broken. A level- 
ing bulb containing about 175 ml. of 
test liquid was connected by means 
of glass tubing and short lengths of 
gum-rubber hose to the isoteniscope. 
Stopcock A was then opened, the 
leveling bulb raised. to a higher level 
than the isoteniscope, and the test 
fluid allowed to run into the isoteni- 
scope, which then was placed in a 
bath of suitable heat transfer oil. 
The cold traps C, F, and J (Figure 
2) were charged with dry ice—acetone 
mixture, and the magnetic stirrer and 
the vacuum pump were started. When 
the liquid in the bulb began to vapor- 
ize, the pressure in the system was 
fixed by setting the Cenco electronic 
manostat (G, Figure 2) to allow 
slow vaporization. Usually it was 
found necessary to keep the bath 
temperature between 60° and 80°C. 
while this step was performed. About 
10% of the charge in the bulb was 
distilled over into the first dry-ice 
trap, where it was frozen and held 
for the remainder of the run. It was 
found necessary to do this with the 
aniline-nitrobenzene system in order 
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to remove all traces of dissolved and 
adsorbed air from the bulb. When the 
desired amount of material had been 
distilled into the dry-ice trap, the 
condensate which had collected in the 
U leg was mixed thoroughly with the 
contents of the bulb by tilting the 
apparatus repeatedly, care being 
taken to continue boiling rapidly 
enough to exclude air from the bulb 
contents during the operation. An 
amount of this mixed liquid sufficient 
to act as manometer fluid was trans- 
ferred to the U leg. The two legs 
of liquid in the U leg then were 
equalized by resetting the inert gas 
pressure on the system. With the aid 
of a small spirit level any setting in 
the range of 2 to 20 mm. Hg abs. 
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could be maintained to within 0.5 
mm. of the fluid in the manometer 
or 0.04 mm. Hg. 

A series of pressure-temperature 
readings was taken on each charge 
to the apparatus over the pressure 
range of 2 to 20 mm. Hg abs. pres- 
sure, starting at the lower pressure 
and progressing upward. Less than 
10 min. was required for the system 
to come substantially to equilibrium 
when a measurement was made. At 
the end of a run the isoteniscope was 
disconnected from the rest of the 
apparatus, taken from its bath, and 
connected to a nitrogen cylinder by 
a flexible hose. Stopcock A was opened 
and nitrogen allowed to bleed into 
the isoteniscope until a pressure of 
¥% to 1 lb./sq.in. gauge registered on 
the regulator of the nitrogen cylinder. 
Stopcock A was then closed and the 
flexible tubing disconnected from the 
end of the isoteniscope. The isoteni- 
scope then was inverted over a suit- 
able container and a sample taken by 
opening Stopeock A. 

A mercury-filled Dubrovin gauge 
(4 and 5), calibrated against a Mc- 
Leod gauge, was used to measure all 
pressures. These readings were re- 
producible to within +0.05 mm. Hg. 
After each run the zero point of the 
gauge was checked by closing the 
stopcock on the isoteniscope, closing 
the air bleeds on the pressure regu- 
jator, and allowing the vacuum pump 
to exhaust the system. Use of a rela- 
tively large quantity of suitable heat 
transfer oil in the bath as thermal 
ballast maintained the temperature 
manually to within +0.02°C. All 
temperatures were measured with a 
Leeds and Northrup  semiprecision 
potentiometer in conjunction with a 
copper-constantan thermocouple which 
had been calibrated against a Na- 
tional Bureau of Standards certified 
platinum resistance thermometer. 

The materials used in the experi- 
ments were C. P. grade aniline and 
nitrobenzene, which were redistilled 
at 10 mm. Hg abs. pressure at a re- 
flux ratio of 20 to 1 in an 8-ft. frac- 


Fig. 1. Modified isoteniscope: A, 4-mm. oblique vacuum stopcock; B, entrain- 

ment trap and partial condenser (14-mm. tubing); C, U-tube manometer 

(10-mm. heavy-wall tubing); D, 200-ml. balloon flask; EH, glass-covered mag- 
netic stirrer bar; PF, rotating bar magnet. 


Fig. 2. Total pressure apparatus: A, magnetic stirrer; B, isoteniscope; C, cold 

trap; D, Dubrovin gauge; E, 4-liter ballast flask; F', cold trap; G, Cenco elec- 

tronic manostat; H, air bleed; J, cold trap; J, 4-liter ballast flask; K, vacuum 
pump; L, oil bath. 
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TABLE 1.—EXPERIMENTAL DATA 


Pressure, Temperature, 
mm. Hg EAS; 
100 mole % nitrobenzene 
2.07 55.27 
2.77 60.22 
3.76 65.20 
4.99 70.25 
6.55 
8.58 80.25 
11.01 85.25 
13.93 90.25 
17.62 95.42 


16.03 mole © aniline 


1.83 50.55 
2.52 55.45 
3.42 60.35 
4.60 65.25 
6.04 70.35 
7.90 75.30 
10.33 80.35 
13.23 85.27 
16.66 90.32 
39.01 mole “% aniline 
2.29 50.42 
3.11 
4.21 60.32 
5.66 65.25 
7.46 70.35 
9.81 15.22 
12.72 80.30 
16.28 85.30 
59.52 moje ©; aniline 
2.65 50.47 
3.56 55.30 
4.68 59.82 
6.40 65.22 
8.50 70.27 
11.10 75.17 
14.4] 80.27 
18.40 85.30 
100 mole © aniline 
50.57 
5.96 60.30 
8.01 65.25 
10.70 70.42 
13.90 75.45 
18.05 80 32 


tionating column, 1.5 in. in diam., 
packed with protruded stainless steel 
half rings. First cuts from the col- 
umn were discarded. After a steady 
head temperature had been reached, 
the condensate product was collected 
in the distillate receivers. The con- 
tents of the receivers were stored 
under a nitrogen blanket in dark 
glass bottles until they were used in 
the experimental work. No tests for 
purity for either component were 
made other than the measurement of 
vapor pressure. These pressure-tem- 
perature relationships are tabulated 
in Table 1 and plotted in Figure 3. 
In addition to the pure components, 
seven mixtures of aniline and nitro- 
benzene covering the composition 
range were prepared and run in the 
apparatus as described in the pre- 
ceeding paragraphs. After each run 
with the mixtures the contents of the 
isoteniscope were removed and ana- 
lyzed for aniline content by the meth- 
Markunas and Riddick(7). A 


Pressure, Temperature, 
mm. Hg 
9.98 mole % aniline 
2.26 55.32 
3.12 60.30 
4.20 65.27 
557 70.30 
7.33 75.20 
9.60 80.30 
12.30 85.30 
15.67 90.32 
19.83 95.42 
25.45 mole % aniline 
2.08 50.40 
2.74 55.32 
3.73 60.32 
5.02 65.30 
6.64 70.32 
8.72 75.22 
11.30 80.20 
14.48 85.29 
18.29 90.25 
47.41 mole aniline 
55.40 
4,49 60.35 
5.93 65.32 
7.93 70.37 
10.39 15.27 
13.44 80.35 
17.16 85.30 


2.08 45.62 
2.91 50.70 
3.91 59.50 
5.34 60.40 
(Ak, 65.40 
9.50 70.45 
12.44 75.40 
16.13 80.47 
19.19 83.72 


weighed portion of sample was 
titrated with N/10 perchloric acid in 
glacial acetic acid. Results of analyses 
were reproducible within 0.2 wt. % 
aniline, 


EXPERIMENTAL DATA 


The experimental data are pre- 
sented in Table 1, in which read- 
ings of pressure and temperature 
are recorded for each mixture and 
for the pure components. These 
data are plotted in Figure 3 to 
enable the reader to visualize the 
pressure-temperature relationships. 
In order to facilitate mathematical 
treatment of the raw data, an 
Antoine vapor-pressure equation 
was fitted to each set of readings. 
This equation empirically expresses 
the relationship between pressure 
and temperature and has the fol- 
lowing form: 


+t 
The constants C, D, and E were 
obtained by a least squares tech- 
nique for the pressure range be- 
tween 2 and 20 mm. Hg. The pre- 
cision with which each curve rep- 
resents the experimental data was 
determined by statistical analysis 
to be +0.15 mm. in nineteen out of 
twenty observations. A tabulation 
of the constants is presented in 
Table 2. 

Literature data for completely 
determining the absolute accuracy 
of the total pressure measurements 
by comparison are not available. A 
rough idea of the accuracy to be 
expected, however, may be obtained 
by comparing the experimental 
pressure-temperature relationships 
for pure aniline with measurements 


logio (p° or Pt) = C+ 
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Fig. 3. Total pressures vs. temperature for the aniline-nitrobenzene system. 
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TABLE 2.—TABULATION OF CONSTANTS IN TOTAL PRESSURE EQUATION 


Composition, mole % 
100 Nitrobenzene 6.2576 
9.98 Aniline 6.7021 
16.03 Aniline 6.1114 
25.45 Aniline 7.6387 
39.01 Aniline 7.0323 
47.41 Aniline 7.1491 
59.52 Aniline 7.2130 
76.40 Aniline 7.2520 
100 Aniline 6.8102 


already in the literature. That is, 
between 5 and 20 mm. Hg, the 
measured temperatures are from 
0.21°C. higher to 0.08°C. lower 
than the data of Rechenberg(8), 
from 0.41°C. higher to 0.94°C. 
lower than the data of Stull(13), 
and 0.07°C. higher than the single 
data point of Gould, Holzman, and 
Niemann(5). Unfortunately the 
vapor pressures of nitrobenzene 
cannot be compared in a similar 
manner because literature data 
cannot be found which appear ac- 
curate enough for this purpose in 
the range of 1 to 20 mm. abs. 
Comparison of vapor pressures 
does not give complete information 
on the accuracy of total pressure 
measurements. Additional obvious 
errors which might occur when 
the pressure of a mixture is meas- 
ured are (a) the change in the 
liquid composition caused by va- 
porization of more volatile con- 
stituent into the vapor space above 
the solution and (6) errors in 
analysis of solutions. The maximum 
vaporization errer may be estimated 
by assuming that the entire space 
is filled with vapors of the more 
volatile constituent at the maxi- 


Mum pressure and average tem- 


perature of the measurements. For 
the isoteniscope used in the ex- 
periments the error resulting from 
“vapor holdup” is —0.04 mole % 
in the liquid based on the assump- 
tions previously described. From 
analysis of made-up solutions of 
aniline and nitrobenzene, the ana- 
lytical error appeared to be a 
maximum of +0.10 mole %. The 
maximum over-all error originat- 


D E 
—1279.117 159.90 
—1449.532 173.09 
—1184.762 152.04 
—1950.693 215.84 
— 1586.584 187.33 
—1639.674 191.98 
—1665.063 194.71 
—1635.551 190.23 
—1400.285 171.76 

ing with composition changes, 


therefore, is estimated to be 
—0.14, +0.06 mole %. 


CALCULATION OF VAPOR-LIQUID 
FROM EXPERIMENTAL 
ATA 


Two assumptions were used in 
computing vapor-liquid data from 
the total pressure data: (a) the 
vapor phase will behave as an ideal 
gas at 5 and 10 mm. and (bd) activ- 
ity coefficients can be expressed by 
some integrated form of the Gibbs- 
Duhem équation. It should be 
pointed out that any integrated 
form of the Gibbs-Duhem equation 
applies only at constant tempera- 
ture and pressure. Guggenheim(6), 
however, shows that the external 
pressure has little effect upon the 
liquid-phase activity coefficient at 
total pressures up to several atmos- 
pheres. He integrates the differen- 
tial form of the Planck function 
defined as 


ay = dT — aP, 


Rin — Rin (2) 


at constant temperature and com- 
position into the form 


Pi—0) 
] ( PraPt ) = ( 1 
ON rr ®) 


The quantity y,%,p,° may be sub- 


stituted for P; so that Equation 
(3) may be written 


In = 
which expresses the change in the 
activity coefficient with external 
pressure. Even at several atmos- 
pheres P,V,'<<RT, and so the 
effect of pressure on the activity 
coefficient in the pressure region 
of 2 to 30 mm. Hg is negligible. 
The effect of temperature change 
on the activity coefficients, how- 
ever, usually is quite large, and 
the calculations must include such 
effects. The following discussion 
will present the calculation pro- 
cedures employed. 


(P,—0) Vi! 
et 


The calculation is started by draw- 
ing up several pressure-vs.-composi- 
tion plots (each plot at constant 
temperature) from the total pres- 
sure equations or from the graph of 
total pressure vs. temperature. These 
plots cover the entire range of boil- 
ing temperatures of the mixtures at 
5 and 10 mm. For each constant- 
temperature plot the constants in the 
integrated form of the Gibbs-Duhem 
equation are determined by curve- 
fitting techniques. These constants 
are then correlated as a function of 
temperature by a graph. Another 
cross plot of the total pressure data 
is made, this time at the pressure 
for which the vapor-liquid data are 
desired (actually a boiling point 
curve). For ten or twelve liquid com- 
positions the boiling temperatures are 
read from the boiling point curve, 
and the constants for the integrated 
form of the Gibbs-Duhem equation 
are obtained from the plot of con- 
stants vs. temperature. The activity 
coefficients then are calculated for 
the proper liquid composition. The 
next step is to use activity coeffi- 
cients, liquid compositions, and vapor 
pressures to calculate the vapor com- 
positions. A few trial calculations 
may be necessary to obtain the exact 
boiling temperature which makes the 
summation of the vapor mole frac- 
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Fig. 5. Total pressure at 83°C. 
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tions equal to unity. These adjust- 
ments are usually small and repre- 
sent minute inaccuracies in the data 
and/or the empirical nature of the 
integrated form of the Gibbs-Duhem 
equation used. The following para- 
graphs will illustrate the application 
of the procedure to the calculation of 
the vapor-liquid equilibrium for ani- 
line nitrobenzene at 5 and 10 mm. 
Hg abs. 

Figures 4 and 5 are representa- 
tive pressure-vs.-composition plots 
at constant temperatures of 57° 
and 85°C. These plots were ob- 
tained by substituting the re- 
spective temperatures into the total 
pressure equations derived from 
the experimental data. They might 
as easily be obtained directly from 
Figure 3, but with somewhat less 
accuracy than by using the equa- 
tions. In addition to Figures 4 and 
5 constant-temperature pilots were 
also made at 62°, 67°, 72°, and 
77°C. in the calculations. For the 


sake oi brevity, these plots are 
not included. Table 3, however, 
tabulates the total pressure-vs.- 


composition data at the chosen 
temperatures of 57°, 62°, 67°, 72°, 
and 83°C. 

Before the calculations were 
started, it was necessary to select 
the type of solutions to the Gibbs- 
Duhem equation which would ex- 
press the activity coefficients for 
this system. As discussed by Carl- 
son and Colburn(1), the choice of 
the type of solutions depends upon 
tne value of AV./BV, as well as 
whether or not V,=V,. At the 
start of the computations an esti- 
mation of AV./BYV, for the aniline- 
nitrobenzene system indicated that 
the ratio might approximate 1.0 
at the average temperature. In 
addition, at the midtemperature, 
V, is nearly equal to Vo. It ap- 
peared, therefore, that either the 
van Laar or Margules solutions 
might be applicable. Since, how- 
ever, the van Laar equations gave 
good fits to the experimental data 
and are somewhat more easily han- 
died in calculations than the Mar- 
gules equations, they were selected 
for making the computations. The 
van Laar equations are 


= 
Axi 
(1+ 

log y2 = - B (6) 


The constants in the van Laar 
equations were obtained by suc- 
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Fig. 7. Boiling-point curves for the 
aniline-nitrobenzene system. 


TOTAL PRESSURES IN MM. HG ABS. OF THE EXPERIMENTAL SOLUTIONS 


AT THE INDICATED TEMPERATURES, AND THE VAN LAAR CONSTANTS GIVING THE 
Best FIT TO THE TOTAL PRESSURES AT THE SAME TEMPERATURE 


Temper- 
ature, 100% 9.98 
Nitrobenzene Aniline 
BEC: 2.29 2:53 
62°C. 3.11 3.44 
67°C. 4.17 4.62 
Tanke: 6.13 
8.06 
83°C. 9.81 11.01 
Compositions, mole % 
47.41 59.52 76.40 
Aniline Aniline Aniline 
3.66 3.96 4.33 
4.93 5.30 5.85 
§.57 7.09 7.83 
2.66 9.33 10.35 
11.30 12.16 13.54 
15:35 16.88 18.45 


cessive trial calculations for each 
of the constant-temperatures, 57° 
through 83°C. These calculations 
were carried out by use of the 
following equation, which relates 
the total pressure to the activity 
coefficients as well as vapor pres- 
sures and liquid compositions: 


+7202 p2° (7) 


The activity coefficients, of course, 
are functions of the A and B values 
as shown in Equations (5) and 
(6). The labor in fitting a set of 
A and B values to the constant- 
temperature plots was shortened 
by machine computation. In these 
computations a number of sets of 
A and B values were tried until 
the deviations from the experi- 
mental total pressures were mini- 
mized. The computed total-pres- 
sures-vs.-composition curve appears 
as a solid line on Figures 4 and 5, 
and the best values of the van 
Laar constants for each particular 
temperature are listed in Table 3. 
Temperature variation of A and B 
throughout the  boiling-tempera- 
ture range of the solutions was 
correlated by fitting the A and B 
values determined in the previous 
step on a graph (see Figure 6). 
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Compositions, mole % 


16.03 25.45 39.01 
Aniline Aniline Aniline 
3.08 3.46 
3.81 4.15 4.67 
5.04 5.52 6.22 
6.66 (7-04 8.20 
8.68 9.49 10.72 
12.92 14.56 
100 van Laar constants 
Aniline A B 
4.89 0.0600 0.0785 
6.61 0.0680 0.0706 
8.82 0.0805 0.0640 
11.63 0.0857 0.0540 
(3,13 0.0840 0.0495 
20.5% 0.0816 0.0413 


The boiling point curves for the 
system at 5 and 10 mm. Hg were 
obtained from the totai pressure 
equations and are shown in Figure 
7. They could also be cross-plotted 
from Figure 3 but with a decreased 
accuracy. These curves are used 
to get an approximate starting 


“point for the final calculations and 


also for a comparison with com- 
puted boiling temperatures. In 
most situations, therefore, a sim- 
ple cross plot of the total pressure 
data is all that is required. 

The final calculations for obtain- 
ing the vapor composition in equi- 
librium with a given liquid com- 
position were made by trial com- 
putations using the boiling point 
curve, vapor pressure curves, and 
the van Laar constants curves. For 
a given liquid composition a boil- 
ing temperature was obtained from 
the boiling point curve. This tem- 
perature was inserted in the vapor 
pressure equation for aniline and 
nitrobenzene, and the respective 
vapor pressures were computed. A 
and B were obtained at the same 
temperature from Figure 6. The 
activity coefficients, y, and y2, were 
calculated from Equations (5) and 
(6). Vapor pressures, liquid com- 
position, activity coefficients, and 
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TABLE 4.—VAPOR-LIQUID 
COMPOSITIONS AT 5 MM. 


x1, Vis Y2, 
mole fraction _activty activity 
aniline coefficient coefficient of 
in liquid of aniline nitrobenzene 
0.050 1.1825 1.0006 
0.100 1.1551 1.0024 
0.200 1.125 1.0080 
0.300 1.0821 1.0160 
0.400 1.0594 1.0264 
0.500 1.0418 1.0398 
0.600 1.0277 1.0569 
0.700 1.0163 1.0792 
0.800 1.0077 1.1079 
0.900 1.0021 1.1456 
0.950 1.0005 1.1691 
ly 
mole fraction 
aniline relative 
in vapor boiling point volatility 
0.118 69.2 2.54 
0.216 68.1 2.48 
0.372 66.1 2.30 
0.495 64.5 2.29 
0.595 63.1 Za) 
0.682 61.9 2.14 
0.757 60.8 2.08 
0.824 59.9 2.01 
0.886 59.0 1.95 
0.944 58.2 1.89 
0.972 57.8 1.85 


total pressure were inserted in the 
following equations and the vapor 
compositions were ecalenlated: 


pr 

P; (8) 
pa! 

y2 P, (9) 


In all calculations use of the tem- 
peratures from the boiling point 
curve resulted in the summation 
of the vapor mole fractions being 
equal to 1 within the precision of 
the vapor pressure data. 

For each pressure the vapor 
compositions for eleven liquid com- 
positions were computed. Tables 4 
and 5 present the 2-y data activity 
coefficients, and boiling tempera- 
tures obtained and also values of «, 
the relative volatility, as a func- 
tion of liquid composition. Since 
the computed boiling point curve 
is identical with the curve obtained 
by cross-plotting the data on Fig- 
ure 3, no attempt was made to 
include it on Figure 7 in addition 
to the experimental curve. A sta- 
tistical estimate of the precision 
of the data was made in which it 
was found that in nineteen out of 
twenty instances the vapor compo- 
sitions will be expressed within 
+0.9% and the relative-volatility 
values obtained will be precise 
within +1.5%. 

Just as in the case of the vapor 
pressure of nitrobenzene, paucity 
of data makes it difficult to com- 
pare these results with others to 
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TABLE 5.—VAPOR-LIQUID 
COMPOSITIONS AT 10 MM. 


mole fraction activity activity 
_aniline coefficient coefficient of 
in liquid of aniline nitrobenzene 
0.050 1.1674 1.0008 
0.100 1.1381 1.0030 
0.200 1.0958 1.0103 
0.300 1.0665 1.0204 
0.400 1.0452 1.0329 
0.500 1.0294 1.0476 
0.600 1.0179 1.0641 
0.700 1.0096 1.0824 
0.800 1.0042 1.1035 
0.900 1.0010 1.1248 
0.950 1.0003 1.1370 
Vy 
mole fraction Qs 
_aniline relative 
in vapor boiling point volatility 
0.116 82.3 2.49 
0.212 81.1 2.42 
0.366 79.0 2.31 
0.488 77.2 2.23 
0.590 75.7 2.16 
0.678 74.3 2.10 
0.755 73.1 2.05 
0.824 , 72.0 2.00 
0.887 1.96 
0.945 70.1 1.91 
0.973 69.7 1.89 


obtain an estimate of the absolute 
accuracy. Docksey and May(2), 
however, determined vapor-liquid 
data for aniline nitrobenzene at 
10 mm. total pressure by the meth- 
od of Rosanoff, Bacon, and White 
(11). Unfortunately, they pre- 
sented only a graph of the equilib- 
rium compositions and did not in- 
clude a tabulation of the x-y values 
or of the boiling temperatures. It 
is impossible, therefore, to test the 
thermodynamic consistency of their 
data and to draw direct compari- 
sons for estimating accuracies. 
Relative volatilities, however, may 
be estimated from the Docksey and 
May data. Such estimations indi- 
cate a value of « between 1.90 and 
2.00 over the composition range. 
These values may be compared with 
the relative volatilities in Tables 
4 and 5, which are from 1.85 to 
2.54. 

It will be noted from Figure 6 
that the van Laar constant A goes 
through a maximum at about 72°C. 
and the value of B decreases stead- 
ily with increasing temperature. 
As pointed out by Carlson and 
Colburn(1), the variation of A 
and B with temperature may be 
related to the heat of mixing. The 
change in the trend of A with tem- 
perature, therefore, may indicate 
that the heat of mixing changes 
sign within the range of tempera- 
tures over which the data for this 
system were obtained. Since no 
data on heats of mixing for this 
system are available in the litera- 
ture, calculations cannot be made 
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which might indicate the validity 
of the A curve. 
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NOTATION 


A, B = constants in van Laar solu- 
tions to the Gibbs-Duhem 


equation 

C, D,E =constants in the Antoine 
equation 

p° = general vapor pressure, mm. 
Hg 


P,.=partial pressure of com- 
ponents (1) and (2), mm. 
Hg 
P, = total pressure, mm. Hg 
t = temperature, °C. 
V = molar volume, cc./g.mcle 
V,'=partial molal volume, (OV/ 
Ps ne 
x = mole fraction in liquid 
y = mole fraction in vapor 
y= Raoult’s law activity coeffi- 
cient 
= relative volatility, 
subscript 1 refers to aniline 
subscript 2 refers to nitrobenzene 
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Low-temperature Oxidation of Ammonia in 


Fixed and Fluidized Beds 


H. F. Johnstone, J. D. Batchelor, and C. Y. Shen, University of Illinois, Urbana, Illinois 


The oxidation of ammonia in the presence of manganous oxide-bismuth oxide 
catalyst supported on small alumina spheres was studied in both fixed and fluidized 
beds in the temperature range from 205° to 250°C. The column used was 442 in. in 
diameter and 43 in. high. The experiments were made so that the transport effects 
in the fluidized bed might be separated from the chemical kinetic effects. 

In accordance with the theory of two-phase fluidization proposed in a previous 
Paper, comparison is made between the reaction rate associated with the discontinuous 
phase and that associated with the continuous phase as estimated from the results in 
the fixed bed. The over-all reaction-rate constants in the fluidized bed can be related 
to those in the fixed bed by an exponential term in the superficial gas velocity, 
V"; n is a constant which depends on the reaction system and the size and type of 


the reactor. 


Little information has been pub- 
lished on reaction kinetics in fluid- 
ized beds. Gilliland, Mason, and 
Oliver reported that at the same 
space velocity a fluidized bed gives 
a lower conversion for a homo- 
geneous gas reaction than does a 
fixed bed(4). This was attributed 
to mixing and by-passing in the 
bed. On the basis of pressure drop 
studies, Toomey and Johnstone (10) 
suggested that a fluidized bed may 
be considered to be composed of 
two phases: a continuous phase 
consisting of uniformly dispersed 
particles in a supporting gas 
stream and a discontinuous phase 
consisting of pure gas in the form 
of bubbles, channels, or slugs. On 
this basis an equation was de- 
veloped for the variation of pres- 
sure drop with gas velocity. 

In a fluidized catalytic reactor 
the two-phase concept implies that 


J. D. Batchelor’s present address is Pittsburgh 
Consolidation Coal Company, Library, Pennsyl- 
vania; C. Y. Shen is with Monsanto Chemical 
Company, Dayton, Ohio. 


the type and degree of contact be- 
tween the gas and solid will be 
completely different for the two 
phases. For the most part the gas 
in the continuous phase supports 
the catalyst particles and flows 
through the interstices in a man- 
ner analogous to the flow in a fixed 
bed. As the rate of flow of gas in 
the continuous phase is limited by 
the formation of the discontinuous 
phase, the flow in this phase is 
always laminar, at least for beds 
of small spherical particles. For a 
given bed the reaction rate in the 
continuous phase should depend on 
molecular diffusivities and be in- 
dependent of the presence of the 
discontinuous phase. The actual 
concentrations of the reactants, 
however, will usually depend on 
the rate of transfer between the 
phases, which will be affected by 
the motion of the discontinuous 
phase. 

In general there will be some 
supplementary reaction in the dis- 
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Fig. 1. Flow diagram of experimental equipment. 
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continuous phase, or at the phase 
boundary, which cannot be assigned 
definitely to the continuous phase. 
At the point of incipient two-phase 
fluidization, however, all the reac- 
tion may be assigned to the con- 
tinuous phase; any increase in re- 
action rate at higher gas velocities 
must be associated directly or in- 
directly with the discontinuous 
phase. It will be interesting to ap- 
ply this concept to actual kinetic 
data and to develop a method of 
estimating the rate in a fluidized 
bed from the constants obtained 
for a fixed bed. 

The reaction used for studying 
the effect of fluidization on the re- 
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Fig. 2. Fluidized-bed unit. 
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TABLE 1.—PROPERTIES OF CATALYST FRACTIONS 


Geometric 
mean Geometric Particle Apparent 
diameter, standard density,* density, %MnO %Bix03 
Fraction Lb deviation g./cc. g./cc. (dry basis) 

165-200 mesh 103 1.19 2.08 1.10 3.51 3.75 
120-165 mesh 139 1.14 2.05 1.05 3.48 3.63 
+120 mesh 178 23 2.01 1.00 3.43 3.51 
Unsized 103 1.36 2.06 1.08 4.20 4.15 
"eBy displacement of mercury. 
action kinetics in a fluidized bed 1,000°C. has been studied by 


was the low-temperature oxidation 
of ammonia. This reaction has been 
investigated thoroughly in a tubu- 
lar reactor(5), and the catalyst, 
manganous oxide and bismuth 
oxide, was shown to have a con- 
stant activity over several hundred 
hours. 

The mechanism of ammonia oxi- 


Bodenstein(2) and Zawadzki(11). 
At lower temperatures, in the range 
from 200° to 3800°C., Nagel(9) 
found that nitrous oxide is the 
principal product of the reaction. 
A more detailed study with metal- 
lic oxide catalysts was made by 
Krauss(8). In a fixed bed of man- 
ganous oxide—bismuth oxide, Kobe 


dation of temperatures around and Hosman(7) obtained a maxi- 
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Fig. 3. Effect of temperature, concentration, and contact time on 
ammonia oxidation in fixed-catalyst beds. 
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mum yield of 71% nitrous oxide 
in the temperature range from 
175° to 300°C. at space velocities 
of 3.5 to 6 min.-! The mechanism 
studies at low temperatures in the 
tubular reactor (5) showed that the 
rate depends on the amount of 
adsorbed oxygen on the catalyst 
and the concentration of ammonia 
in the gas phase. 


EXPERIMENTAL 
Apparatus 

The equipment used is shown in 
Figure 1. The flow of cylinder gases 
was regulated with %-in. needle 
valves and measured through cali- 
brated sharp-edged flowmeters. The 
reactor, 41% in. I. D. and 42 in. high, 
was constructed from type-310 stain- 
less steel. The lower flange was con- 
nected to a conical inlet section and 
held a stainless steel porous plate 
which supported the bed and dis- 
tributed the gas flow uniformly. The 
upper flange supported the cyclone 
separator for removing the catalyst 
particles from the gas. The small 
amount of catalyst collected in the 
cyclone was returned to the reactor 
at the end of each series of runs. 
Details of the reactor are shown in 
Figure 2. It was heated by six 750- 
watt Chromalox resistance _ strip 
heaters which were controlled auto- 
matically. Later the heaters were 
replaced by three sections of chromel 
ribbon wound on alundum insulation 
to give more uniform temperature 
distribution. Temperatures of the 
fluidized bed were measured by two 
iron-constantan thermocouples in 
stainless steel wells located in the 
axis of the column. Thermocouples 
were also installed on the porous 
plate and on the reactor walls near 
the geometric centers of the heated 
sections. The exit gas lines were 
heated electrically to prevent conden- 
sation of water. 


Catalyst 

The catalyst was made by impreg- 
nation of Alcoa XF-21-Si (low soda) 
alumina fluid-cracking catalyst. One 
kilogram of the alumina particles was 
first dampened with 250 cc. of a 
solution containing 100 g. manganous 
nitrate and 35 g. bismuth nitrate. 
The impregnated catalyst was dried 
in a steam heated vacuum oven for 
5 days prior to heating in a large 
electric furnace at 375°C. for 2 days. 
Part of the dried catalyst was sepa- 
rated by sieving on 120-, 165-, and 
200-mesh screens. Final size distribu- 
tions in each fraction were deter- 
mined by measuring 300 particles 
under a microscope. The geometric 
mean diameters, standard deviations, 
and other properties of the catalysts 
are shown in Table 1. The catalyst 
particles were generally smooth and 
rounded but not truly spherical. 


Procedure 
Before a reaction run was made, 
a weighed portion (3 to 6 kg.) of one 
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of the impregnated catalyst fractions 
was placed in the reactor through the 
top of the column, which was then 
heated to the reaction temperature 
while the bed was fluidized with air. 
When the reaction temperature was 
reached and the temperature con- 
troller was operating smoothly, a 
series of measurements was made on 
the pressure drop across the bed; the 
air rate was started much higher 
than required to fluidize the bed and 
was reduced in steps to a value be- 
low the fluidization rate. The pres- 
sure-drop curve was determined by 
decreasing the air rate to avoid any 
static friction effects near the mini- 
mum fluidization point. 

The oxygen-ammonia gas stream 
was then substituted for the air flow. 
At least 2 hrs. was allowed for the 
attainment of steady state. The gauge 
pressure at the bed outlet was set at 
about 9 cm. of water, and the abso- 
lute pressure at H (Figure 1) was 
regulated to 820 mm. Hg. Simultane- 
ous inlet and outlet gas samples were 
drawn through weighed tubes of 
magnesium perchlorate and Ascarite 
for the determination of water vapor, 
ammonia, and nitrogen peroxide(5). 
The volumes of gas sampled at the 
rate of about 0.01 cu.ft./min. were 
measured with wet test meters. The 
oxygen and ammonia flow rates, the 
pressure drop across the hed, the 
orifice downstream pressure, and the 
temperature were also noted. 

A sample of the gas leaving the 
absorption tubes was mixed with a 
measured volume of pure hydrogen 
in an Orsat-type gas burette and the 
oxygen content determined by absorp- 
tion in Oxsorbent. The nitrous oxide 
was then reacted with the hydrogen 
in a slow combustion pipette, and the 


decrease in volume was equivalent to 
the volume of nitrous oxide present. 
Nitrogen was determined from the 
volume of the remaining gas. 


RESULTS IN FIXED-BED REACTOR 


In the low-temperature oxidation 
of ammonia, several simultaneous 
reactions can occur to give various 
products. In order to interpret the 
results in the fluidized bed, experi- 
ments were made at low gas veloci- 
ties in the same apparatus under 
the same conditions but with the 
catalyst stationary. A gas mixture 
containing 10% ammonia and 90% 
oxygen was first passed at various 
rates through the empty reactor at 
250°C. to determine whether the 
metallic surface of the reactor wall 
and the porous support might have 
some catalytic effect. No reaction 
took place under these conditions. 

The results obtained with a bed 
of 2 kg. of 165- to 200-mesh cata- 
lyst at 250°, 230°, and 205°C. at 
different space velocities are shown 
in Figure 3. At high temperatures 
and low gas velocities the extent 
of conversion is high and the possi- 
ble error is greater than it is at 
low temperatures and low veloci- 
ties. 

To overcome the high conversion 
at high temperatures, the weight 
of catalyst was reduced to 200 g. 
The results at the higher space 
velocities are shown in Figure 4. 
For each temperature the rate of 
oxidation is independent of the 
concentration above 12% ammonia 
in the gas mixture. Thus under 
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Fig. 5. Oxidation of 

ammonia following first- 

order reaction in fixed 
beds. 


Fig. 6. Effect of tem- 
perature and oxygen 
pressure on apparent 


first-order reaction. 
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these conditions the reaction fol- 
lows approximately an _ over-all 
zero-order process. 

In a previous paper the mechan- 
ism of the low-temperature oxida- 
tion was shown to be a bimolecular 
surface reaction involving adsorbed 
oxygen atoms and ammonia dif- 
fusing to the surface(5). The re- 
action may be expressed by 


NH; + [0] aas —> intermediate — 


oxidized product (1) 


The suggested intermediates are 
hydronitrous acid, hydroxylamine, 
or imide(2,11). The rate is rep- 
resented by the equation 
NH 

= k [Ol] (2) 
where « is the reciprocal space 
velocity expressed as volume of 
catalyst per unit of volumetric gas- 
feed rate. The volume of the cata- 
lyst is obtained from the weight of 
catalyst in the bed and the absolute 
density shown in Table 1. The 
reciprocal space velocity obtained 
in this way differs from the con- 
ventional definition by a factor of 
1/(1—e), where « is the void frac- 
tion. The expression can be ex- 
tended to the fluidized region with- 
out the confusion of uncertain 
values of « in the expanded catalyst 
bed. Furthermore, if a Langmuir 
type of isotherm describes the ad- 
sorption of oxygen, Equation (1) 
becomes 


dr 


where K is the adsorption equilib- 
rium constant. At atmospheric 
pressure the concentration of each 
reactant may be replaced by its 
respective partial pressure. 


d k’ 
Pru, Py H3 Po, 

Kp 
Oo 

Z 3a T T 

= 4 
z 28 

° 

205°C 
z 

° 

w 
& 

< 
2 
° 4 
= 

4 
< 
w 
4 
230°C 
4 
te} 
” 0! 7 
« 
250°C 

z 4 
1 1 

< 103° +4104 105 106 107 106 109 


September, 1955 


— 


~ 


MOLE FRACTION OF AMMONIA 


| F 
ee 
0. 
) i i 
oli 
f 
ti 
| 
KO 
08 
~ ° 
06 “fo % 
Ny OL 
\ 
\ 
° 
\ 
3 
= \ \ % 
\ 
\ \o 
"<p 
ve) 3 
° 


1) 


0.18 
\ 
KEY] WT. CATALYST | L/D 
° 3 KG. 23) 4 
o 4.5 KG. 35 
° 6 KG. 46 
0.14- e 


CATALYST,165-200 MESH 


MOLE FRACTION OF AMMONIA 


a4 a6 as 10 12 14 
RECIPROCAL SPACE VELOCITY, MIN. 


13 
Fig. 7. Effect of initial 


° 


0.08;- 


0.06;- 


MOLE FRACTION OF AMMONIA 
x 
T 


0.04- 


1 1 1 


KEY PARTICLE 


T T T T T 
Yo MNO Yo Bi203 


SIZE, MESH IN CATALYST 

@ 165-200 35! 375 
120-165 3.48 3.63 

4 +120 3.43 351 


° UNSIZED 4.20 4.15 7 
CONDITIONS: 3 KG. CATALYST, 250°C 


1 


004 008 0.12 0.16 


1 
0.20 0.24 028 032 


036 040 


RECIPROCAL SPACE VELOCITY, MIN. 


Fig. 8. Effect of catalyst size and composition on oxidation rate in 
fluidized beds. 


concentration of NH, on = 9"'9 
oxidation rate at 250°C. 
in fluidized beds. Dotted 
line represents  zero- 
order rate calculated 
from data for fixed-bed 


AMMONIA 
3 


3 KG. CATALYST, 165-200 MESH 


reactors. L 
z 
2 
5 0.08- 
< 
w s 
Fig. 9. Effect of tem- 8 
perature and _ contact 
time on oxidation rate 
in fluidized beds. 1 


In the present work a high oxygen: 
ammonia ratio was used so that 
the concentration of oxygen re- 
mained essentially constant. Thus, 
Equation (3a) represents a pseudo 
first-order reaction which on in- 
tegration becomes 


In (1 — a) = (4) 


where « is the fraction conversion. 
Figure 5 is a replot of the data in 
Figure 3, which show that the 
results are in agreement with the 
first-order equation. The rate con- 
stant k’; depends on the average 
partial pressure of oxygen as indi- 
cated by 


(4a) 


A plot of 1/k’ vs. 1/./pog yields a 
Straight line at a given tempera- 
ture, as shown in Figure 6, from 
which the value of k’ and the ad- 
sorption equilibrium constant can 
be determined. When the right- 
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hand side of Equation (4) is small, 
exp(—k’',~) can be expanded into 
a series and all terms except the 
first are negligible, or 


a=kir (5) 


It is this apparent zero-order re- 
action that is shown in Figure 4. 
At 250°C. k’, is 1.83 min.-! The 
error in (1l—z2«) resulting from 
using only the first two terms of 
exp(—k't) at equal to 0.2 min. 
is about 5%. Since the product 
yield in a zero-order process de- 
pends only on the time of contact 
with the catalyst, the reaction rate 
in this range is substantially the 
same in a fluidized bed as in a 
fixed bed under the same condi- 
tions. 


RESULTS IN FLUIDIZED BEDS 


The work on fluidized beds was 
carried out in the same apparatus 
but at higher gas velocities(1). 
The velocity for minimum fluidiza- 
tion was determined from pressure- 
drop measurements. The pressure 
drop was plotted against the gas 


A.LCh.E. Journal 


velocity, and the sharp break ex- 
trapolated from the fixed- and 
fluidized-bed regions was assumed 
to be the minimum fluidization 
point. 

The complete results of the 
kinetic studies, showing the ef- 
fects of ammonia concentration, 
particle size of catalyst, and tem- 
perature on the reaction rate, are 
shown in Figures 7 to 9. The space 
velocity was calculated in the same 
way as for the fixed bed. The meth- 
od does not differentiate between 
the bubbles of gas and the gas 
that supports the catalyst; how- 
ever, it does allow a correlation of 
the data from fixed beds with those 
from fluidized beds. Increasing the 
bed depth maintained the same 
space velocity in the fluidized bed 
as was used for the fixed-bed 
studies. The effect of temperature 
is approximately the same as for 
the fixed bed, but the over-all con- 
version cannot be correlated with 
the first-order relationship of 
Equation (4). In Figure 7 the 
dotted line represents the zero- 
order rate determined from Fig- 
ure 6 by use of the corresponding 
average partial pressure of oxygen. 

The particle size of the catalyst 
does not have much effect on the 
reaction rate in the range from 
+120 to 165-200 mesh, as shown 
in Figure 8. The higher activity 
of the unsized catalyst may be 
caused by its higher content of 
active metallic oxides. 


DISCUSSION OF RESULTS 


The change in conversion rate 
in going from a fixed-bed to a 
fluidized reactor depends on the 
effect on the rate of chemical reac- 
tion and on the physical nature of 
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the gas-solid contact in the bed. 
If only a portion of the gas con- 
tacts the catalyst and the rest by- 
passes the bed in the form of bub- 
bles, then the over-all rate depends 
on the rate of transfer from the 
discontinuous phase to the con- 
tinuous phase in contact with the 
solids and on the rate of chemical 
reaction at the surface. If one as- 
sumes that the effective contact 
and the transfer rate between the 
gas and the catalyst particles may 
be expressed as an exponential 
function of the gas velocity, the 
over-all rate constant for the fluid- 
ized bed for a constant tempera- 
ture becomes 


The constant A is related to the 
fixed-bed reaction-rate constant, 
because when the velocity ap- 
proaches that of minimum fluidiza- 
tion, the rate constant defined by 
Equation (6) should agree with 
the value obtained from the fixed 
bed. Then 


= AVng (7) 


and 


Substitution of Equation (6) into 
the first-order rate equation gives 


This involves the assumptions that 
the over-all rate is proportional to 
the partial pressure of ammonia 


in the gas, and the partial pres- 
sure of oxygen remains constant 
in the reactor. 

Since t= W/oV, integration un- 
der isothermal and isobaric con- 
ditions gives 


p (1—@) 
po 


Pp 
If n is less than one, then 


ry 


A plot of—In(1—«) vs. the volu- 
metric gas velocity on a logarith- 
mic scale is shown in Figure 10. 
In the fluidized range of velocities, 
the lines are parallel. From the 
slope, the value of n is 0.17. Since 
nm is positive, the reaction rate is 


- faster in the fluidized bed than in 


the fixed bed at the same space 
velocity. A similar conclusion was 
reached by Kivnick and Hixson (6) 
for the reduction of nickel oxide 
in a fluidized bed, although no 
measurements were made in the 
fixed-bed region. The value of n 
obtained by them was approxi- 
mately 0.70. Thus » is determined 
by the nature of the gas-solid re- 
action, but it appears to be inde- 
pendent of particle size, as shown 
in Figure 10. 

For reactions that are not zero 
order, either by-passing of the gas 
as bubbles or mixing of the gas in 
the fluidized bed will result in a 
lower reaction rate in a fluidized 
reactor than in a fixed bed. AIl- 
though the mass transfer constant 
in a fluidized bed was found by 
Chu(3), it is not possible to draw 
the conclusion that the reaction 

mechanism in a fluid- 
ized bed is changed to 


a diffusion — control- 
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inside a fluidized bed 
may also increase the 
effectiveness of the 
particle surface for a 
+ chemical reaction. 
The relative values 
of A estimated from 
the intercepts in Fig- 
+ ure 10 are shown in 
Figure 11 together 


Fig. 10. Effect of gas 
velocity on conversion 
rate in fluidized beds. 


0.1 i 
07.08 03 O04 


0506 O08 10 


VOLUMETRIC GAS RATE,CU.FT./MIN. 


Page 322 


A.I.Ch.E. Journal 


with the reaction-rate constants 
from the fixed-bed data. The activa- 
tion energy obtained from the 
slope of the lines is 14.8 kcal./g, 
mole. It is the same as for the 
fixed bed when the same catalyst 
is used. 


TWO-PHASE FLUIDIZATION 
THEORY 


The concept of two-phase fluid- 


ization may be used to explain the - 


observed kinetic data. When the 
gas rate is sufficient to produce 
two-phase fluidization, the total 
reaction is the sum of that in each 
phase. From the flow characteris- 
tics alone, the formation of the 
discontinuous phase is expected to 
decrease the over-all percentage 
conversion. However, if there is 
mass transfer between the phases, 
or any supplementary reaction in 
the discontinuous phase, the over- 
all rate may increase. The increase 
in pressure drop with gas velocity 
above the point of two-phase fluid- 
ization(10) is given by 


= (ID,°—m) In 
is the kinetic-energy loss 
caused by bubbles of the discon- 
tinuous phase passing through the 
continuous phase. This should also 
be a measure of the degree of con- 
tact of the two phases, and the 
effect of the discontinuous phase 
on the reaction rate should in a 
similar manner depend on the flow 
rate. 

The pressure-drop measurements 
showed that the flow rate at mini- 
mum fluidization is 70 to 85% of 
the value at incipient two-phase 
fluidization. Since there was no 
way of observing the initial forma- 
tion of the second phase in the 
reactor, the lower value was used 
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to estimate the flow rate at which 
the discontinuous phase was just 
formed in the kinetic studies. The 
corresponding value of the frac- 
tional conversion, «, was found 
from Figures 7 and 9 and the rate 
of reaction in the continuous phase 
was calculated from 


R. = (ae) (Vo) (yx) 


The reaction rate in the discon- 
tinuous phase was then found from 


Ri=R-—R. (14) 


The ratios R,/R, for all the data 
obtained with the fluidized bed are 
plotted in Figure 12. The lines are 
represented by 


Ra 
K, log (15) 


The slopes and intercepts evaluated 
by the method of least squares are 
shown in Table 2. 

For the pressure-drop data, the 
slope of the Ap,,/AD», vs. log V 
lines is a function of Dp®®(10). A 
slight effect of the size of the col- 
umn was also noted, as was to be 
expected. For the reaction-rate 
data, the effect of particle size is 
quite different, since the surface 
area related to the reaction rates 
is not the same as that affecting 
the pressure drop. The reaction 
rate in the continuous phase should 
be directly proportional to the sur- 
face area per unit volume of the 
bed. Thus 


At constant gas velocity the re- 
action rate in the discontinuous 
phase is determined by the sur- 
face area of the bubbles. It may 
be postulated that the initial size 
of the bubbles is proportional to 
the interstitial space. between the 
particles. The bubbles initially 
formed coalesce and become larger 
as they ascend. Thus the bubble 
surface is proportional to D,* or 


Ra 1 = 
(17) 


Since Ap,,/Ap,, is proportional to 
D,°-°, then 


Ra —1-5 

or 

Ra V 


Ina comparison of Equations (19) 
and (15), the slope K, is seen to be 
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inversely proportional to the di- 
ameter of the catalyst particles. 


° 
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Fig. 12. Effect of gas velocity on 

reaction rates in discontinuous phase. 

Initial ammonia concentration 10%, 
250°C. 


TABLE 2.—VALUES OF THE CONSTANTS 
K, AND V,, IN EQUATION (15) 


Gas rate at 
incipient 
Fluidized bed fluidization, 
Weight, V,,, std. 
kg. Size K, cu.ft./min, 


3 165-200 mesh 1.44 0.094 
4.5 165-200 mesh _ 1.87 0.094 
6 165-200 mesh 2.01 0.094 
3 +120 mesh 0.73 0.238 
3 120-165 mesh 0.97 0.173 
3 unsized 1.09 0.125 


CONCLUSIONS 

The reaction rate at incipient 
fluidization can be estimated from 
the rate in the fixed bed; hence 
Equation (15) should be useful for 
estimating the reaction rate in a 
fluidized bed. Since the value of K, 
undoubtedly depends on the type 
and size of reactor, this effect 
should be investigated with other 
reactions before Equation (15) 
can be accepted for general scale- 
up purposes. The results indicate 
that the reaction rate in a fluidized 
bed can be divided into two parts: 
the part that is related only to 
the chemical kinetics can be pre- 
dicted from the rate in a fixed bed; 
the part that depends on mass 
transfer from the discontinuous 
phase is a function of the gas 
velocity and is independent of the 
particle size. 
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NOTATION 

A=a constant defined by Equa- 
tion (6) 

D, = diameter of catalyst particle, 


k, k’ = reaction-rate constants 

k',= first-order rate constant, 
min.-! 

k'; = reaction - rate 
fluidized bed 

K=adsorption equilibrium con- 
stant 

K, = slope defined by Equation (16) 

l,m, n = constants 

p=partial pressure; subscript 
NH; and O, denote ammonia 
and oxygen, respectively, atm. 

Ap = pressure drop; subscript mf 
refers to incipient fluidiza- 
tion of ke to excess drop 
above fluidization, Ib./sq.in. 

R=conversion rate; subscript ¢ 
refers to continuous phase, 
and d refers to discontinuous 
phase, lb.moles/min. 

T =temperature, °K. 

V =volumetrie gas velocity; sub- 
script v refers to incipient 
fluidization, cu.ft./min. 

W = weight of catalyst, lb. 

y = concentration of ammonia; 
subscript J refers to inlet, 
moles/cu.ft. 


constant in 


Greek Letters 


a fraction conversion 

<= reciprocal space velocity, min. 

= absolute density of catalyst, 
lb./cu.ft. 

= void fraction 
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Liquid-liquid Extraction in 


Continuous-flow Agitated Extractors 


Extraction studies were made with the systems toluene water benzoic acid and 
kerosene water benzoic acid in two dimensionally similar cylindrical extractors, one 
6 in. in diameter by 6 in. high, the other 12 in. in diameter by 12 in. high. Each 
extractor contained four radial baffles, of width equal to 16.7% of the extractor 
diameter. The extractors were agitated by six-bladed dimensionally similar turbine 
impellers, the diameters of which were in each case one third the diameter of the 
extractor. 

When the extractors were full of liquid, i,e., in the absence of an air-liquid inter- 
face, the power required for a given impeller speed was independent of the rate of 
flow of liquid. However, such operation required more power than the equivalent 
open-tank agitator, and more baffling was required to produce fully turbulent flow. 

Flow rates were varied from 0 to 4,000 Ib./hr. and solvent-to-water mass ratios from 
3:1 to 1:6. Extraction stage efficiencies were found to be appreciable even at zero 
agitator speed. 

The additional stage efficiency produced by agitation was found to be a function 
of the power input per unit volume of liquid flowing. This relationship permitted 
the correlation of all extraction efficiency data for a given system at a constant 
solvent-to-water ratio over eight-fold range of power input. It was found possible to 
predict the performance of an extractor in continuous flow from batch-extraction 
measurements through the methods of MacMullin and Weber. 


In the case of transfer of ma- 
terial between two immiscible 
liquid phases by agitation in a 
vessel, the relationship between 
rate of mass transfer and power 
required for agitation is of in- 
terest. The power consumption of 
agitators operating in a single 
liquid phase has been investigated 
by Rushton and coworkers(12 and 
13) and Mack and his associates 
(4,5,6). They have presented 


methods of predicting the power 
consumption of an agitator based 
on size, speed, and liquid proper- 
ties. Miller and Mann(9) studied 
the operation of agitators in vari- 
ous systems composed of two im- 
miscible liquid phases. In all these 
studies there was no flow of liquid 
through the tank. 

In the case of mass transfer, 
batch systems were studied by 
Mack and Marriner(7) and Hixson 
and Smith(2), and more recently 
continuous-flow systems were 
studied by Oldshue and Rushton 
(10), Hein(1), Karr and Scheibel 
(3), and Overcashier and his as- 
sociates(11). 


This paper is an abridgment of the thesis’ of 
Arthur W. Flynn submitted in partial fulfill- 
ment of the requirements for the degree of 
Doctor of Engineering Science at New York 
‘Jniversity (1953). 

A. W. Flynn is at present with Nuclear De- 
velopment Associates, White Plains, New York. 
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The present study was under- 
taken to determine the effect of 
agitator speed and power, vessel 
size, rate of flow, and phase ratio 
on the stage efficiency of agitated 
extractors and to confirm if possi- 
ble the published procedures for 


predicting continuous-flow  per- 
formance from _batch-operation 
tests. 

EQUIPMENT 


Two dimensionally similar extrac- 
tion vessels, as shown in Figure 1, 
were made for the tests. Constructed 
of commercially available glass tub- 
ing clamped between two flat metal 
plates, each vessel was provided with 
four radial baffles each 16.7% of the 
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Fig. 1. Extraction vessel. 


vessel diameter in width. The agi- 
tator impeller, the diameter of which 
was one third the vessel diameter, 
was driven by a_ shaft passing 
through the vertical outlet pipe and 
was located at the center of the 
vessel. The agitator impellers, as 
shown in Figure 2, were flat-bladed 
radial turbines constructed by weld- 
ing six flat plates to a circular plate 
and stiffening the assembly by weld- 
ing small reinforcing tabs to the 
backs of the radial blades. 

The tests were performed in the 
equipment arrangement shown in 
Figure 3. All extraction studies were 
made with the top cover and wall 
baffles in place and with all entrapped 
air removed from the equipment. 
There were four parts to the investi- 
gation: (1) power measurements, 
(2) measurements of the phase ratio 
of the liquid in the vessel, (3) ex- 
traction measurements during con- 
tinuous flow, and (4) batch-extrac- 
tion measurements. 


POWER MEASUREMENTS 


The power input to the impellers 
was determined as a function of 
speed, phase ratio of liquids, and 
rate of flow. In all cases the baffles 
were in place and the liquid level 
was maintained in the “chimney” to 
prevent aeration of the liquid. The 
power measurements were taken by 
varying the speed of the agitator 
from 300 to 1,100 rev./min. for the 
6-in. extractor and 100 to 350 rev./ 
min. for the 12-in. and reading the 
tachometer and dynamometer. Power 
was determined electrically at low 
inputs where the dynamometer scale 
read less than 1 lb. 

The determination of small power 
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Fig. 2. Agitator impeller. 


values of agitator power input re- 
quired a number of precautions to 
ensure accuracy. The drive motor 
was a small D.C. shunt motor with 
oil-lubricated bearings. Before each 
test the bearings were freshly oiled 
and the motor operated for between 
45 and 60 min. to permit stabilizing 
the bearing and winding tempera- 
tures. The motor was operated at 
constant field current to eliminate 
that variable from consideration. The 
armature resistance was determined 
at the normal operating temperature 
and the armature input power was 
measured by meters of 0.5% ac- 
curacy. The motor-power output was 
determined by subtracting the arma- 
ture resistance losses and the stray 
power losses from the armature 
power input. The no-load power in- 
put was checked frequently to detect 
any change in the motor or tach- 
ometer friction. The agitator power 
measurements are believed accurate 
to within +5%. 

Physical properties of the vari- 
ous liquids used in the tests are 
listed in Table 1. 

The measured power data were 
used to calculate the power num- 
bers and the Reynolds numbers. 
Figure 4 shows the _ individual 
power numbers for agitation of 


TABLE 1.—PHYSICAL PROPERTIES OF 
LiquiDS USED 


Density, Viscosity, 


Liquid lb./cu.ft. centipoises 
Water 62.2 0.95 
Toluene 54.0 0.59 
Kerosene 51.2 2.52 
Sucrose-water 

solution 69.3 3.38 
Motor oil 55.8 87.5 
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single liquids plotted against the 
corresponding Reynolds numbers 
for 16.7% baffles.* This type of 
plot was previously used by Rush- 
ton, Costich, and Everett(13). 
Whereas at high Reynolds num- 
bers the water, toluene, and su- 
crose-solution power numbers lie 
on a single straight line for both 
sizes of vessel, those for kerosene 
do not. 

The width of the baffles in the 
6-in. extractor was then increased 
to 25% of the vessel diameter and 
the tests were repeated. In Figure 
5 the impeller power numbers are 
plotted against Reynolds number 
for the 25% baffles. Identical 
curves were obtained for the su- 
crose solution, kerosene, and water, 
but not for the more viscous motor 
oil. When, however, the tests were 
repeated after the liquid level in 
the vessel was lowered until a small 
air space was formed under the 
top cover, all the liquids provided 
a single curve, as shown by the 


OYNAMOMETER @ TACHOMETER 


ROTAMETERS } | MOTOR 


EFFLUENT 


SAMPLE 


EXTRACTOR 


SOLVENT 


Fig. 3. Flow diagram. 


dotted curve in Figure 5. 
Rushton (12) has shown that for 
reliable prediction of the per- 
formance of a large-scale agitator 
from measurements on a small- 
scale one it is necessary that both 
operate fully baffled. In addition 
when a given agitator is operated 
fully baffled the power number is 
a function solely of the Reynolds 
number. For open vessels operated 
with an air-liquid interface, a fully 
baffled condition (or “standard” 
baffling) is provided by four radial 
baffles each one-twelfth the tank 
diameter in width. From Figures 
4 and 5 it can be seen that neither 
arrangement of agitator and baf- 
fles meets the condition of full 
baffling when vessels are operated 
without an air-liquid interface. 
This condition has not been re- 
ported in the literature as existing 


*Complete tabular data are obtainable as 
document 4653 from the Photoduplication Serv- 
ice, American Documentation Institute, Library 


of Congress, Washington 25, D.C., for $1.25 


for photoprints or microfilm. 
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Fig. 4. Power number correlation; 6- and 12-in. 
extractors, 16.7% baffles. 
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in large commercial-size vessels 
although the baffles in such vessels 
are much narrower than the ones 
employed in these tests. The need 
for more baffling to provide for a 
fully baffled condition when the 
agitators are operated full of liquid 
may be a characteristic which is 
limited to small-scale vessels. The 
present conclusion is that more 
work must be done on these mat- 
ters, and they are being explored 
further. 

The effect of rate of liquid flow 
through the equipment on the 
power required for a given agitator 
speed was too small to be detected. 

The power required for agita- 
tion of the single liquids water, 
toluene, or kerosene is so nearly 
the same for each that reliable 
measurements of the effect of mix- 
ing two insoluble phases could not 
be made. For the toluene-water mix- 
tures encountered in extraction 
measurements, the power require- 
ment was calculated from Figure 
4 by use of the average viscosities 
and densities of Miller and Mann 
(10). Because the behavior of 
kerosene was different from water 
and did not produce a common 
power - number—Reynolds - number 
curve with 16.7% baffles, it was 
felt that the Miller and Mann in- 
terpolation should not be used with 
mixtures of kerosene and water. 
Experimentally the power required 
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baffles. 


for agitating these mixtures could 
scarcely be distinguished from that 
for water alone, and the latter is 


used in reporting the subsequent 
extraction data. 


PHASE RATIO OF VESSEL 
CONTENTS 


A comparison was made between 
the ratio of the insoluble liquids 
in the feed to the extraction vessel 
during continuous operation and 
the ratio in the vessel contents at 
steady state. This was done by 
operating at fixed rate of flow of 
liquids, phase ratio, and impeller 
speed until steady state was 
reached. The liquid flow and the 
impeller rotation were then sud- 
denly stopped, the liquids in the 
vessel allowed to separate into two 
layers, and their relative volumes 


measured. Tests were made only | 


on the 12-in. vessel because its 
larger dimensions permitted great- 
er accuracy in the measurements. 
The results are presented in Table 
2. The holdup of organic liquid 
was very small at zero agitator 
speed. With a rotating agitator, at 
all but the slowest speeds the ratio 
of the phases in the vessel ap- 
proached that in the feed mixture. 


CONTINUOUS EXTRACTION 


The equipment in Figure 3 was 
operated by extracting the benzoic 
acid from the organic phase into 


TABLE 2.—ORGANIC LIQUID HOLD-UP 


12-in. Extractor, 16.7% Baffles 
Solvent holdup, % of feed composition 


Flow rate, Ib. /hr. 


Impeller speed, rev./min. 


Solvent Water 0 150 250 350 
Solvent = toluene 
250 250 3.92 86.0 100 100 
500 500 4.75 97.0 100 100 
1,000 1,000 9.60 100 100 100 
1,500 1,500 125 100 100 100 
2,000 2,000 14.4 100 100 100 
250 750 8.90 100 100 100 
500 1,500 11.0 100 100 100 
750 2200) 2 100 100 100 
285 1,715 15.4 100 100 100 
400 2,400 19.3 100 100 100 
750 250 50.0 100 100 100 
1,500 500 90.0 100 100 100 
Solvent =kerosene 
250 250 3.38 88.0 98.0 98.0 
500 500 5.16 79.5 91.2 98.5 
1,000 1,000 6.75 77.8 88.0 98.0 
1,500 1,500 7.60 77.6 88.0 98.0 
2,000 2,000 8.50 77.6 88.0 98.0 
250 750 8.50 95.0 98.0 100 
500 1,500 8.50 87.9 100 100 
750 2,250 8.50 81.0 95.0 100 
285 8.50 90.0 100 100 
400 2,400 11.80 82.5 100 100 
750 250 4.50 97.0 100 100 
1,500 500 6.80 96.0 100 100 
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pure water. The effluent stream 
was sampled at the extractor out- 
let by collection of the mixed ef- 
fluent in a 500-ml. graduate. The 
sample was allowed to separate 
into two layers. Samples for analy- 
sis were immediately pipetted from 
the settled liquids and titrated with 
fresh sodium hydroxide solution, 
phenolphthalein being used as an 
indicator. Alcohol was used with 
the organic layer to produce a 
single-phase mixture. In many of 
the runs thé concentration change 
in the organic liquid was so small 
that it was difficult to check ma- 
terial balances exactly. In a typical 
run, for example, 9.25 cu.ft./hr. 
of a toluene—benzoic acid solution 
containing 0.0148 lb. mole of acid/ 
cu.ft. was contacted with 9.01 cu.ft. 
of water/hr., acid free. The effluent 
water analyzed 0.000900 lb. mole 
of acid/cu.ft. The effluent toluene 
analyzed 0.0141 lb. mole of acid/ 
cu.ft., which represents a _ dis- 
crepancy of 11% between the acid 
transferred from the toluene and 
that transferred to the water. On 
the other hand, a perfect material 
balance requires the toluene effluent 
to analyze 0.01402, which agrees 
with the observed value within the 
error of analysis. Similar agree- 
ment of observed and calculated 
effluent analysis of the organic 
liquid was obtained in 91% of the 
runs made. The remaining rates 
were not included in the final cor- 
relations. Mass transfer rates were 
calculated on the basis of water 


analyses owing to the larger per- 
centage change in composition for 
that liquid. 

A total of 149 extraction meas- 
urements was made on these sys- 
tems, covering a range of from 500 
to 4000 lb./hr. total flow, solvent- 
to-water ratios from 3:1 to 1:6, 
and dimension changes of 2:1.* 
Stage efficiencies were expressed as 
Murphree efficiencies based on 
water concentrations, 


100(Cy2 —Cwi)/(Cwe—Cw1) (1) 


and since in every case Cy, equaled 
zero, this expression becomes sim- 
ply E=100 Cyo/Cy,. The stage 
efficiency FE, at zero agitator speed 
was found to be appreciable even 
at low flow rates. This efficiency 
without agitation varied from 
44.5% on the 6-in. extractor pass- 
ing 250 lk./hr. of water and 250 
lb./hr. of toluene to 92% for the 
same extractor passing 250 lb./hr. 
of water and 750 lb./hr. of toluene. 
Similar but lower values were 
found with kerosene. It was neces- 
sary to correct for this large initial 
efficiency in order to study the 
effect of agitation. This was done 
threugh the expression 


E4=100(E (2) 


where E’, is the stage efficiency at- 
tributable to agitation, HZ is the 


See footnote, p. 325. 
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Fig. 6. Extraction of benzoic acid for equal rates of flow of organic and 
aqueous liquids. 
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Fig. 7. Extraction efficiency sum- 
mary, toluene water benzoic acid. 
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Fig. 8. Extraction efficiency sum- 
mary, kerosene water benzoic acid. 


over-all stage efficiency at any agi- 
tator speed, and E, that at zero 
agitator speed for the same liquid 
flow rate. 

The efficiency attributable to agi- 
tation for each system and each 
phase ratio when plotted against 
the agitator energy per unit vol- 
ume of liquid flowing through the 
vessel, «= Pt/V, gave rise to a 
single curve for all flow rates and 
for both vessel sizes. Figure 6, for 
example, shows the curves for the 
one-to-one flow ratio which result 
for the two systems. The remain- 
ing data are summarized in Fig- 
ures 7 and 8. This provided the 
best correlation among the data 
and suggests a means of predicting 
the performance of larger scale 
equipment which is dimensionally 
similar. 

In general greater solvent-to- 
water ratios increased the extrac- 
tion efficiency, in opposition to the 
findings of Miller and Mann(9) 
and Hixson and Smith(2), who 
worked only with batch systems. 
The difference may be explained 
by the fact that in continuous 
operation the feed streams were 
directed into the impeller, which 
then did not have to lift the heavy 
liquid from the bottom of the vessel 
in order to mix it into the dis- 
persion. In a batch operation the 
agitator must lift the heavy liquid, 
and when the proportion of heavy 
liquid is small, any of it which 
remains on the bottom of the 
vessel unmixed with the dispersion 
lowers the measured agitator ef- 
ficiency. This is true whether the 
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efficiency is indicated by the mix- 
ing index of Miller and Mann(9) 
or the extraction rate as described 
by Hixson and Smith (2). 

The continuous-flow extractor 
operates with complete and uni- 
form mixing once the agitator 
speed exceeds a certain low value. 
Where the solvent-to-water ratio 
is high, the work required to pro- 
duce the amount of interfacial 
area required for a given efficiency 
is less than when the ratio is low. 
This may be due to the fact that 
the degree of initial dispersion in 
the vessel is more a function of 
solvent than of water flow rate. 
This is confirmed by a study of 
many photographs made of the 
vessel in operation. When the in- 
itial dispersion is good, the initial 
E is high and only a small amount 
of work is required from the agi- 
tator to raise EF to 100%. This 
small increase in EF, however, rep- 
resents a change in EH, between 
zero and 100%. Therefore, with 
large solvent-to-water ratio, less 
agitator power is required to in- 
crease E, from zero to 100% than 
for the case of small ratios, where 
E is low. The exceptional behavior 
of the 6:1 solvent-to-water ratio 
mixtures in both systems may be 
related to the beginnings of emulsi- 
fication which were observed with 
this ratio. 

It was not found possible to pro- 
duce a good correlation between 
the data for the two systems 
studied. 


BATCH EXTRACTION 


The effect of time on the extrac- 
tion efficiency in batch operation 
was determined. Measured quanti- 
ties of solvent containing benzoic 
acid and water were placed in the 
vessel without mixing. The agitator 
was then started and run for a 
measured length of time at con- 
stant speed. The time at which the 
clear layers of water and solvent 
disappeared was recorded as the 
time at which thorough agitation 
was attained. At the end of the 
agitation time the agitator was 
stopped and the mixture allowed 
to separate into two liquid layers. 
Samples of the solvent and water 
layers were then analyzed. All 
batch measurements were made in 
the 12-in. extractor because it held 
a sufficient quantity of material to 
ensure accuracy. 

Over-all extraction efficiencies 
were calculated and used to predict 
the extraction efficiency of the 
equipment in continuous flow 
through the use of the method of 
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MacMullin and Weber(8). As an 
example of the results for a flow 
of 2000 lb./hr. of toluene and 2000 
lb./hr. of water the HE, measured 
in continuous flow was 79% while 
that calculated from batch data 
was 80%. For the kerosene system 
at the same flow rates the meas- 
ured value was 92.4% and the 
calculated value was 88%. The 
good agreement between the calcu- 
lated over-all efficiencies and the 
efficiency attributable to agitation 
indicates that it is possible to pre- 
dict the extraction efficiency in 
continuous flow from batch meas- 
urements if all the extraction in 
both cases is attributable to agita- 
tion. 


SUMMARY 


1. It is tentatively concluded 
that an agitated vessel without an 
air-to-liquid interface may not be- 
have as a fully baffled vessel even 
though it contains baffles consider- 
ably larger than those required by 
the same vessel operating with an 
air-to-liquid interface. 

2. The extraction efficiency at- 
tributable to agitation is a func- 
tion of the agitator energy input 
per unit volume of total liquid 
flowing. This relationship may be 
used to predict the performance of 
dimensionally similar equipment at 
a constant solvent-to-water ratio. 
This has been verified over a range 
of 8 to 1 in flow rate, 2 to 1 in 
dimensions, and 100 to 1 in agi- 
tator power input, with the same 
solvents and solute. 

3. It is possible to predict the 
performance of the _ extraction 
equipment in continuous flow from 
batch measurements through the 
method of MacMullin and Weber 
provided that all extraction is at- 
tributable to agitation. 


NOTATION 


C = concentration of benzoic acid, 
lb.mole/cu.ft. 


d = diameter of impeller, ft. 
E = extraction stage efficiency, % 


E, = extraction stage efficiency at- 
tributable to agitation, % 


9, = conversion factor, 32.2 ft. (lb. 
force) / (sec.2) (lb. mass) 

n = impeller speed, rev./sec. 

P=agitator power, ft.lb./sec. 

P,=power number = Pg,/on'd*, 
dimensionless 

Q = flow rate, cu.ft./sec. 

Ryz=Reynolds number = 
dimensionless 
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t = holdup time, sec. 
V =extractor volume, cu.ft. 


Greek Letters 


Specific energy, ft.lb./cu.ft. 
= viscosity, lb./ft.sec. 
= density, lb./cu.ft. 


Subscripts 


K = kerosene 
S = organic solvent 
T = toluene 
W = water 
e = equilibrium condition 
0 = zero impeller speed 
1 = initial condition 
2 = final condition 
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Effect of Drying Conditions on Drying Rate 
and Physical Properties of a Porous Solid 


E. H. Lebeis and T. A. Burtis 


Houdry Process Corporation, Marcus Hook, Pennsylvania 


Rate data are presented for both the constant — and the falling-rate drying of 
closely sized spheres of silica-alumina hydrogel. This hydrogel, which contains a fine 
powder, is the starting material from which petroleum cracking catalysts may be pre- 
pared. During the constant-rate period the drying rate is directly proportional to the 
difference between the dry- and wet-bulb temperatures of the air. In the falling-rate 
period the rate is proportional to the free water conterft, the proportionality factor 
being an undetermined function of the dry-bulb—wet-bulb differential. 

Drying severity during the falling-rate period is shown to be the major determinant 
of the final pellet density. At constant wet-buib temperature, density is inversely 
related to the dry-bulb—wet-bulb differential. If this differential is held constant, 
density is directly related to the wet-bulb temperature. 

The variation in drying rate with position in the bed for through-circulation con- 
stant-rate drying of deep beds of particles is analyzed for the case where the direction 
of air flow is periodically reversed for equal time intervals. It is indicated that uni- 
formity of drying should increase with an increase in air velocity, but decrease as 
bed depth is increased. At constant conditions and bed depth, large particles should 
dry more uniformly than small. Within normal operating ranges, air temperature 


and humidity should have little effect on drying uniformity. 


In chemical processes in which 
solid catalysts are required, the 
physical as well as the catalytic 
properties of the solid are of great 
importance. This is especially true 
of petroleum cracking catalysts 
prepared from hydrogels. The 
properties of the final product are 
usually dependent upon the drying 
conditions employed. In the drying 
of hydrogels, from 5 to 15 lb. of 
water must be evaporated for every 
pound of catalyst produced. Dry- 
ing equipment and operating costs 
therefore are generally high. This 
paper presents the results of an 
experimental study of the drying 
of spherical hydrogel catalyst par- 
ticles undertaken to obtain basic 
rate data for equipment selection 
and design and to explore the ef- 
fects of drying conditions on the 
physical properties of the catalyst. 

When small particles of this type 
are dried by through circulation 
of air, the material is usually 
spread in a relatively deep multi- 
layer bed(4). By use of this tech- 
nique, a fairly high degree of heat 
economy can be achieved because 
the dry-bulb temperature of the 
air leaving the bed closely ap- 
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proaches the wet-bulb tempera- 
ture. However, because of this 
change in dry-bulb temperature as 
the air passes through the bed, 
there is considerable variation in 
drying rate from one side of the 
bed to the other in this type of 
operation. 

In order to eliminate this varia- 
tion in the laboratory, the experi- 
mental work was limited to the 
drying of a single layer of parti- 
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Fig. 1. Sectional view of dryer. 
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cles. A small-scale dryer was built 
specifically for this program. The 
drying-rate data obtained should, 
strictly speaking, be applicable only 
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Fig. 2. Detail of dryer basket. 


Page 329 


h, 
2§ 
0. 
9 
1, 
5 
r, \ 
5 SL 
| | 
#-» | | 
1, 
| 
l- | | 
| | 
Tr | 
a" || HEATING SECTION 


to single layers and not to deeper 
beds, as heat and mass transfer 
rates will differ somewhat for 
multiple layers because of the dif- 
ference in air turbulence. For de- 
sign purposes, however, the use of 
single-layer data is conservative. 
A method is given for predicting 
the degree of drying uniformity 
obtainable with multilayer beds. 
The effects of particle size, air 
velocity, temperature, and_ bed 
depth are discussed. 


EQUIPMENT AND OPERATING 

PROCEDURE 

A sectional drawing of the ex- 
perimental dryer is shown in Figure 
1. Metered quantities of preheated 
air and steam were introduced to the 
bottom section, which served as a 
mixing chamber. The mixed stream 
then flowed upward over an electrical 
heating element, which raised the 
temperature to the desired dry-bulb 
level. 

A baffle was placed above this sec- 
tion to serve as a radiation shield 
between the material being dried and 
the heating element. Above this baf- 
fle the air dry- and wet-bulb tem- 
peratures were measured. The air 
was then passed through the layer 
of hydrogel spheres, or beads, and 
discharged from the dryer. 

The basket in which the charge 
was suspended is shown in detail in 
Figure 2. The beads rested upon an 
open-meshed “leno-weave” glass cloth 
of 13 by 25 mesh. Glass cloth was 
used to minimize heat transfer by 
conduction. The glass cloth was held 
in place by a skirt which extended 
below the level of the glass cloth. 
This skirt fitted down inside the flow 
nozzle shown in Figure 1 when the 


Primary drying conditions 


Dry bulb, Wet bulb, Time, 
4 220 160 15 
5 200 160 15 
7 240 180 13 
8 190 150 18 
9 180 140 18 
10 200 140 15 
11 210 150 13 
3 160 140 31 
14 170 140 25 
15 170 150 30 
16 180 150 22 
17 180 150 22 
18 180 150 25 
19 180 150 25 
20 180 150 25 
21 180 150 25 
22 180 150 25 
23 210 150 13 
24 210 150 13 
25 210 150 13 
26 210 150 13 
Uf 210 150 13 
28 210 150 13 
Page 330 


basket was in the dryer, an arrange- 
ment that prevented air from by- 
passing the beads. In some runs the 
space into which the skirt extended 
was filled with Dow silicone fluid of 
very high boiling point to provide a 
liquid seal. The presence or absence 
of fluid had no discernible effect on 
drying rates, which indicated that 
little air was by-passed when the 
apparatus was operating with a dry 
seal. 

The basket proper was rigidly con- 
nected to a ring above by three rods. 
The top ring fitted into the race of 
a ball bearing mounted at the top of 
the dryer. A small motor and crank 
imparted to the ball bearing a re- 
ciprocating rotary motion, which was 
in turn imparted to the top ring and, 
through the rods, to the basket be- 
low. This motion effectively agitated 
the beads to promote drying uni- 
formity. 

The top ring and basket were 
fabricated from aluminum. The bas- 
ket skirt was formed from light- 
gauge 18-8 stainless steel. The rods 
which connected ring and basket were 
Dowmetal. These metals satisfactorily 
combined corrosion resistance and 
light weight. 

Standard steel pipe was used for 
the dryer shell, and the inside sur- 
faces were painted with aluminum 
paint to retard both corrosion and 
radiation. 

External electrical heating circuits 
were provided at the top of the dryer 
to prevent condensation on the walls 
during high humidity runs. The steam 
transfer line connecting the metering 
orifice with the dryer was similarly 
wired to avoid condensation in the 
line and to provide some superheat. 
The compressed-air feed was pre- 
heated in a steam-jacketed double- 
pipe heat exchanger. 


TABLE 1.—SUMMARY OF DRYING DATA 


Secondary drying conditions 


The operating procedure was .as 
follows. The dryer was heated on air 
alone until the dry-bulb temperature 
exceeded the wet-bulb temperature to 
be employed. Steam flow was then 
started. The steam and air flow rates 
were set to give the desired total flow 
rate and wet-bulb temperature. When 
all temperatures, including those at 
the wall, were lined out, the basket 
containing the wet beads was lowered 
into place without cessation of air 
or steam flow. At the end of the 
drying period the basket was re- 
moved, again without stopping the 
flow. 

The beads were weighed before and 
after each run. The unit was origi- 
nally set up to weigh the basket and 
beads during the run, but it was 
found impossible to weigh accurately 
with air flowing. Stopping the air 
flow during the time of weighing pro- 
duced undesirable temperature fluctu- 
ations. The best method found for 
obtaining reliable drying-rate data 
was to dry successive batches of the 
same charge for various times, dis- 
charging the product immediately in- 
to airtight weighing bottles. 

The solid studied in this investi- 
gation was a silica-alumina hydrogel 
prepared essentially according to a 
method which has been previously 
described(3). A feature of this meth- 
od is the incorporation of finely 
ground dried gel powder in the hydro- 
gel. This powder reduces the amount 
of breakage in drying and helps to 
create large pores, or macropores, in 
the catalyst structure. In the absence 
of this powder the catalyst would 
contain only micropores smaller than 
1,000 A. in radius. With the powder 
present, pores larger than 1,000 A. 
may be created during the drying 
operation. These large pores are de- 
sirable because, among other things, 


Heat-treated properties 


Pellet 

H,O, Dry bulb, Wet bulb, Time, H.0O, Porosity, density, 
wt. % °F. min. wt. % vol. % g./cc. 
224 220 160 60 9.9 61.1 0.928 
Be. 200 160 60 12.4 60.0 0.963 
308 240 180 46 7.5 61.5 0.932 
319 190 150 35 28.3 60.1 0.968 
265 180 140 40 24.2 61.6 0:952 
292 200 140 26 PASH 61.7 0.948 
312 210 150 27 te 60.8 0.953 
389 160 140 100 42.8 54.7 1.050 
353 170, 140 80 22.1 58.2 0.974 
400 170 150 100 52.0 60.5 0.993 
393 180 150 100 17.0 58.1 0.989 
386 245 212 80 21.9 58.1 1.051 
364 180 150 100 16.6 61.0 0.957 
359 210 150 45 10.6 62.5 0.920 
336 210 180 80 19.8 59.1 1.006 
350 240 180 45 9.0 61.3 0.948 

338 ie 212 45 10.6 58.0 1.01 

325 180 150 100 14.3 60.4 0.955 
336 210 150 47 tad 61.5 0.917 
314 210 180 80 16.7 56.9 1.023 
322 240 180 40 10.5 59.3 0.973 
316 242 212 80 22.9 56.8 1.046 
309 272 212 45 9.5 S72 1.034 
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they increase the speed of regenera- 
tion when coke is burned from used 
catalyst. As charged to drying, this 
material has the consistency of very 
stiff, elastic gelatin. 

Because the particles were formed 
as very regular, slightly flattened 
spheres, it was possible to obtain a 
very closely sized fraction by screen- 
ing. The effect of particle diameter 
on drying rate was eliminated by 
using one size of fraction throughout 
the study. The major diameter of the 
beads charged to the dryer varied 
from 8.5 to 10.5 mm., the average 
being 9.6 mm. The diameter of the 
completely dried beads was about 
one half this figure. The water con- 
tent of the wet beads averaged 6.40 
Ib./Ib. of dry gel. Moisture contents 
were determined by measuring the 
weight loss of a sample after 16 hr. 
in a standard laboratory drying oven 
in an air atmosphere at 220°F. All 
moistures are expressed on the dry 
at 220°F. basis. 

All runs were made at an air 
velocity of 200 std.cu.ft./sq.ft. of bed/ 
min. The drying was separated into 
two stages in order to differentiate 
between the constant- and the falling- 
rate periods. The first drying stage 
was terminated when the water con- 
tent had reached about 3.0 lb./lb. of 
dry gel. Earlier work had shown that 
the critical moisture content at which 
the rate changed from constant to 
falling was about 1.5 lb./lb. of dry 
gel. In the second drying stage the 
water content was lowered from ap- 
proximately 3.0 to between 0.1 and 
0.2 lb./Ib., which is close to the 
equilibrium water content. 

Physical properties of the beads 
were studied after calcination. Po- 
rosity and pellet density were deter- 
mined by measurement of the volume 
of water absorbed and of the yolu- 
metric displacement of the water- 
soaked beads. Large-pore volume was 
determined by measuring the volume 
of mercury absorbed by previously 
evacuated catalyst under 1,000 lb./ 
sq.in. gauge pressure. This method 
gives the volume of the pores larger 
than 1,000 A. in radius. 


DISCUSSION OF EXPERIMENTAL 
RESULTS 


Drying Rates 

A summary of drying data is 
presented in Table 1. In the first 
series of experiments (runs 4 to 
16, Table 1) the effects of air tem- 
perature and humidity on the first- 
stage drying rates were studied. 
Because the drying rates were very 
high, no attempt was made to 
obtain incremental rate data. Dry- 
ing times varied between 13 and 
31 min., depending upon the con- 
ditions employed. The over-all dry- 
ing rates were obtained by sub- 
tracting the moisture content of 
the discharged beads from that of 
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the charge and dividing by the 
drying time. 

The results of these experiments 
are shown in Figure 3, where the 
first-stage drying rate is plotted vs. 
the difference between dry- and 
wet-bulb temperature. It can be 
seen that drying rate is directly 
proportional to this temperature 
difference. The fact that the line 
passes through the origin shows 
that the bead temperature must be 
close to the air wet-bulb tempera- 
ture or, in other words, that air- 
to-solid temperature-driving force 
approximates the difference be- 
tween dry- and wet-bulb tempera- 
tures. 

In order to aid in determining 
the drying mechanism, beads dis- 
charged from the first-stage opera- 
tion were visually examined before 
and after being immersed in water. 
The discharged beads were similar 


| 180° WET BULB | 
© 150° WET BULB; | 
v 140° WET BULB | 


° 


ORYING RATE ,LBS.H,0/LB. ORY GEL ,MINUTE 


Fig. 3. Primary drying rate vs. dry- 
bulb—wet-bulb temperature  differ- 
ence. 


in translucence to the charged 
beads, although they were smaller 
in size. No pickup of water or dis- 
placement of air was apparent on 
immersion in water. These facts 
show that no vapor spaces had been 
created within the structure during 
this part of the drying operation. 
In the absence of internal vapor 
spaces evaporation had to take 
place only from the outside sur- 
face, and water removal was ac- 
companied by shrinkage of the 
bead. Had any evaporation oc- 
curred within the structure, a dif- 
fusional resistance large in relation 
to the resistance of the gas film 
would have been imposed. In this 
case the diffusion rate and there- 
fore the drying rate wouid be in- 
fluenced by the wet-bulb tempera- 
ture. The fact that no significant 
variation of drying rate with wet- 
bulb temperature can be noted in 
Figure 3 is a further indication 
that no internal vapor diffusion 
occurred. The effect of wet-bulb 
temperature on the gas-film trans- 
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fer coefficients was apparently less 
than the experimental error. 

Drying-rate data during the sec- 
ond stage were taken at two sets 
of conditions. In both cases the 
wet-bulb temperature was main- 
tained at 180°F. In one case the 
dry-bulb temperature was 240°F.; 
in the other, 210°F. Samples from 
successively longer drying runs 
were weighed and analyzed for 
moisture content. In addition, the 
diameter was measured. At each 
set of conditions one sample was 
held in the dryer until its weight 
was constant. The moisture con- 
tent of this sample was taken as 
the equilibrium moisture content. 
The moisture analyses were then 
converted from total moisture on 
the dry at 220°F. basis to free 
moisture on the equilibrium dry 
basis. 
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Fig. 4. Secondary drying curves. 


The data obtained in these two 
runs are plotted in Figure 4. Free- 
moisture content is plotted vs. 
time. These curves follow the nor- 
mal pattern closely. On semilog 
paper a curve should be obtained 
during the period when drying rate 
is constant. After the critical mois- 
ture content is passed and the dry- 
ing rate falls with moisture content, 
a straight line should be obtained, 
provided drying rate is strictly 
proportional to moisture content. 
The exact location of the critical 
point is not obvious by inspection 
of the curves, but it appears to be 
in the neighborhood of a moisture 
content of 1.5 lb. water/Ib. of 
equilibrium dry gel. 

The drying rates in the falling- 
rate period can be expressed in 
the form(5) 
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Fig. 5. Bead shrinkage during drying. 


= —k(W-W.) 


where k is the slope of the straight 
lines in Figure 4. The value of k 
for the run at 60°F. differential 
between dry- and wet-bulb is about 
2.7 times the value at 30°F. dif- 
ferential, an indication that al- 
though k is related to this differen- 
tial, it is not directly proportional. 
Further study is needed to define 
the relationship. A possible expla- 
nation is that evaporation takes 
place in both runs at a tempera- 
ture higher than the wet-bulb tem- 
perature. 

The shrinkage data taken in 
these runs are plotted in Figure 5, 
where relative bead volume is plot- 
ted against moisture content. The 
data show that shrinkage is linear 
with moisture content until a 
moisture content between 1.0 and 
1.5 has been reached. Below this 
range shrinkage is less than can 
be picked up by this test. In the 
absence of a significant amount of 
shrinkage, the water removal must 
be from pores within the structure. 

These data, together with the 
drying-rate curves, indicate that 
the critical moisture content is be- 
tween 1.0 and 1.5. Down to this 
point shrinkage keeps pace with 
drying and so all evaporation is 
from the surface and the rate is 
essentially constant. Below the 


critical there is little shrinkage 
and evaporation is from internal 
pores. The rate falls as the dif- 
fusional resistance is increased. 


Effect of Drying Conditions on 
Physical Properties 


A series of twelve experiments 
(runs 17 to 28, Table 1) was made 
to determine the effect of drying 
conditions on the final physical 
properties of the beads. Two first- 
stage drying conditions were em- 
ployed. Six runs were made at 
180°F. dry bulb, 150°F. wet bulb, 
and 25 min. drying time. The other 
six runs were made at 210°F. dry 
bulb, 150°F. wet bulb, and 13 min. 
drying time. Six sets of second- 
stage drying conditions were se- 
lected. The samples originally slow- 
dried and those originally fast- 
dried were both finally dried at 
these six final drying conditions. 
Three wet-bulb temperatures were 
used: 150°, 180°, and 212°F. At 
each wet-bulb level two dry-bulb 
temperatures were used, one 30°F. 
above the wet bulb, and one 60°F. 
above the wet bulb. With the 30° 
differential the drying time was 
80 to 100 min.; with the 60° dif- 
ferential the drying time was 45 
min. 

The results of these experiments 
are given in Table 2. The runs are 
grouped by wet-bulb temperature 
level at which the secondary dry- 
ing was conducted. It can be seen 
that at each secondary drying con- 
dition essentially the same density 
and porosity were obtained with 
those originally slow-dried as with 
those originally fast-dried. This 
indicated that the drying condi- 
tions during the constant-rate 
period had relatively little effect. 

The conditions during the fall- 
ing-rate period, however, had pro- 
found effects on the final bead- 
catalyst density. At each wet-bulb 
level the density is higher for the 
sample dried at the lower dry-bulb 
temperature, that is, dried at the 
lower rate. At constant tempera- 
ture difference between dry and 


TABLE 2.—EFFECT OF DRYING CONDITIONS ON PHYSICAL PROPERTIES 


Secondary drying 


Slow primary 


Fast primary 


conditions drying(*) drying(+) 
Large Large 
Pellet pore Pellet pore 
Dry-bulb  Wet-bulb density, Porosity, vol., density, Porosity, vol., 
temp., °F. temp., °F. g./ec. vol.% cc./g. vol. % 
210 150 0.920 62.5 ne 0.917 61.5 0.14 
180 150 0.957 61.0 0.12 0.955 60.4 
240 180 0.948 61.3 a 0.973 59.3 0.09 
210 180. 1.006 59.1 1.023 56.9 
272 212 1.01 58 es 1.034 Diaz 0.03 
242 212 1.051 58.1 0.01 1.046 56.8 
*Slow drying—180°. dry bulb, 150°F. wet bulb, 25 min. 
tFast drying—210°F. dry bulb, 150°F, wet bulb, 13 min. 
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wet bulb the density increases as 
the wet-bulb temperature is raised. 
All the density variations noted 
can be explained by the changes 
in porosity within the limits of 
experimental error. 

Included in Table 2 are large- 
pore data for some of the catalysts. 
It is apparent that some relation- 
ship exists between density and 
large-pore volume. To determine 
that relationship better, the large- 
pore-volume data were used to 
calculate the gel density, which is 
the pellet density that would be 
obtained if no large pores were 
present. The formula used is 


gel density = 


1 
large-pore volume 
pellet density 


The gel densities calculated for 
those samples for which large-pore 
data were available are given in 
Table 3. The data are arranged in 
order of increasing pellet density 
and decreasing large-pore volume. 
The uniformity of the calculated 
gel-density values indicates that 
practically all the pellet density 
variation is the result of dif- 
ferences in large-pore volume. 
The conclusion is drawn that in- 
creasing the drying severity, either 


TABLE 3.—GEL DENSITIES CALCULATED 
FROM LARGE-PORE VOLUMES 


Calc. 

Pellet gel 
density, Large-pore vol., density, 

g./cc. cc. /g. g./cc. 
0.917 0.14 1.05 
0.957 0.12 1.08 
0.973 0.09 1.07 
1.034 0.03 1.07 
1.051 0.01 1.06 


by increasing the dry-bulb tem- 
perature at constant wet-bulb tem- 
perature or by decreasing the wet 
bulb at any given differential be- 
tween dry and wet bulb, results 
in greater structural strains in 
drying. The physical manifesta- 
tion of the greater strain is in- 
creased large-pore volume and de- 
creased pellet density. In order to 
obtain a particular catalyst density, 
the permissible drying rate is a 
function of the wet-bulb tempera- 
ture. The higher the wet-bulb tem- 
perature, the faster the catalyst 
may be dried. Because this material 
is so sensitive to drying conditions 
in the falling-rate period, it is evi- 
dent that the drying conditions 
must be kept as uniform as possi- 
ble in order to produce a high- 
quality product. 
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This study shows, then, that the 
drying operation could logically be 
divided into two separate opera- 
tions:.a primary stage in which 
the catalyst is rapidly dried at a 
relatively low wet-bulb level and a 
secondary stage in which the cata- 
lyst is further dried at as high a 
wet-bulb temperature as possible 
and at a rate which will give the 
desired physical properties. The 
main reason for this separation of 
operations is that corrosion of the 
dryer becomes increasingly severe 
as the wet-bulb temperature is 
raised. Therefore, cheaper con- 
struction can be used for the low 
wet-bulb primary stage than for 
the higher wet-bulb secondary 
stage. The exact wet-bulb tempera- 
ture at which the secondary drying 
is performed is selected by an eco- 
nomic balance which considers both 
the effect of wet bulb on material 
costs and the effect of rate on dryer 
size. 

It is obviously desirable to 
evaporate as much water as possi- 
ble in the cheaper first-stage dryer. 
On the other hand, it is also essen- 
tial that no particle be dried past 
the critical moisture content at 
these relatively severe drying con- 
ditions. Because this portion of the 
drying operation must be stopped 
before the fastest drying particle 
reaches the critical moisture con- 
tent, uniformity of drying becomes 
a factor of great importance. 
Stated another way, total dryer 
investment cost will be lowest when 
when maximum drying uniformity 
is achieved in the first stage of 
operation. Even for more con- 
ventional single-stage drying oper- 
ations, uniformity is important, as 
the dryer must be sized to lower 
the moisture content of the slowest 
drying particle to the desired level. 
Therefore, the following analysis 
of the factors influencing uniform- 
ity of drying during the constant- 
rate period was made. It has been 
shown that uniformity during the 
falling-rate period is also essen- 
tial. Although an analysis was not 
made for the falling-rate period, 
many of the conclusions may be 
applied to that period. 


UNIFORMITY OF DRYING IN 
DEEP BEDS 


It was previously mentioned that 
materials of the type studied in 
this investigation are often dried 
commercially in moving-belt tunnel 
dryers by circulation of heated air 
through relatively deep beds. The 
bed thickness is usually between 
Y% and 8 in. Reversal of the direc- 
tion of air flow through the bed 
in successive zones is frequently 


Vok-1, 


practiced. This technique material- 
ly minimizes the nonuniformity of 
drying through the bed. The analy- 
sis which follows is based upon 
this reversing-flow technique for 
the constant-rate period. 

The first case to be considered 
is that of air flow in one direction 
only. It is assumed that air flows 
upward through the bed. The 
amount of heat transferred per 
hour in a square foot of bed of 
unit thickness may be expressed as 


q 
ag =G Cp Ata (1) 


when the relatively small amount 
of sensible heat imparted to the 
vaporized water is neglected. The 
amount of heat transferred is also 
related to the heat transfer coeffi- 
cient as follows: 


A 12 
where 
Ati— Ate 
Ate = log At, / Ate (3) 
and 


L' = bed thickness, in. 

If, in accordance with the findings 
of this investigation, the solid tem- 
perature is constant and equal to 
the air wet-bulb temperature, 


Ata = At; — Ate (4) 


Substituting this value in Equation 
(3) gives 


Ala 


Ate = Zs log At; / Afe 


(5) 


Combining Equations (1), (2), 
and (5) and solving for log Af,/ 
Aty yield 


At; _ 0.0362 (ha) L’ 
At. G Cp (6) 


log 


All the constants in the right- 
hand side of Equation (6), except 
L', can be evaluated by selecting 
the air-mass velocity and dry- and 
wet-bulb temperatures, provided 
the relationship between the heat 
transfer coefficient and these con- 
ditions is known. Combining these 
constants into one constant, C, 
gives 


log = CL’ (7) 


It has been shown (see Figure 
3) that drying rate during the con- 
stant-rate period is directly pro- 
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portional to the difference between 
air dry- and wet-bulb temperatures. 
In accordance with the basic as- 
sumption of this derivation, the 
temperature of the solid may be 
substituted for air wet bulb. Then 
At, and At, are proportional to the 
drying rates at those points. If a 
value of unity is assigned to Af, 
then At, represents the ratio of 
the drying rate at a point L’ in. 
from the entrance of the bed to 
the drying rate at the entrance. 
This relationship is illustrated by 
the line labeled upflow in Figure 6. 

Figure 6 was plotted by use of 
a value for the heat transfer co- 
efficient of 2,100 B.t.u./(hr.) (cu. 
ft.) (°F.) calculated from constant- 
rate drying runs at the following 
conditions:  I|b./(sq.ft.) 
This value agrees well with a value 
calculated from a previously pub- 
lished correlation (1). 

If the direction of air flow is 
periodically reversed for equal time 
intervals instead of remaining con- 
stant, the variation in drying rate 
with bed position may be deter- 
mined for any particular bed depth 
by the method shown in Figure 6 
where a bed 2 in. deep is assumed. 
Here a mirror image of the origi- 
nal curve is drawn to represent 
downflow operation. The ordinates 
of the two curves are then averaged 
to yield the concave curve repre- 
senting cumulative drying-rate 
variation with position in the bed. 

At the conditions upon which 
Figure 6 was calculated, the ratio 
of the drying rate at the center of 
the bed to that at the edges of the 
bed is 0.48/0.615 = 0.78. It may 
be readily seen that the concavity 
of the reversing-flow curve will in- 
crease as the bed thickness is in- 
creased. This states the logical 
expectation that drying uniformity 
will suffer as the bed thickness is 
increased. 

With reference to Equation (6), 
increasing the heat transfer co- 
efficient while otherwise maintain- 
ing constant conditions will result 
in up- and downflow lines of 
greater slope in Figure 6. The re- 
versing-flow curve will then have 
greater concavity. The only way to 
increase the heat transfer coeffi- 
cient without changing air velocity, 
humidity, or temperature is by 
decreasing the particle size of the 
material being dried (1 and 2). It 
may be expected then that small 
particles will dry less uniformly 
than large, all conditions including 
bed depth being equal. It must be 
noted, though, that the over-all 
drying rate will be higher for the 
smaller particles. 
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The effect of air velocity on dry- 
ing uniformity may be readily in- 
terpreted with the aid of equation 
(6). The heat transfer coefficient 
has been shown (1) to vary ap- 
proximately as the six-tenths power 
of the velocity. Then 


a.” 


log (8) 


indicating that an increase in air 
velocity should result in more uni- 
form drying. The maximum veloc- 
ity is dictated by pressure-drop 
considerations. 

The effect on drying uniformity 
of varying bed thickness with re- 
versal of air flow is best illustrated 
by Figure 7. This curve was de- 
rived as follows. Equation (7) was 
converted to 


Ati 


CL 


At. = 


(9) 


where C’=2.303C. The relative 
drying rate at the center of the 
bed is proportional to 


Ati 


0-5C0L 
é 


Ato.s1 = (10) 


Likewise, at either edge of the bed 
the relative drying rate with re- 
versal is proportional to the aver- 
age of At, and At, for unidirec- 
tional flow, or 


Ah + Ale Ath + Ati/e°” 
2. 2 


(11) 


Calling the ratio of drying rate at 
the center of the bed to that at 
either edge R, dividing Equation 
(10) by (11), and simplifying give 


04 | FLOW 
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Fig. 6. Drying rate vs. position in a 
2-in.-deep bed (through circulation). 


R may then be readily plotted vs. L’. 

The same type of analysis has 
not been applied to the falling-rate 
period; however the various fac- 
tors should have the same qualita- 
tive effect as in the constant-rate 
period. The fact that drying rate 
falls as the moisture content falls 
has a compensating effect which 
should tend to make the falling- 
rate drying inherently more uni- 
form than the constant-rate drying. 

Although experimental confirma- 
tion of the findings of this analysis 
is not available, it is believed that 
they may be used qualitatively with 
confidence. The selection of drying 
equipment requires considerable ex- 
perimental work. If uniformity of 
drying is a consideration, the meth- 
od can be used to indicate the 
practical limits of operating con- 
ditions and to indicate the qualita- 
tive effect of each variable. Limit- 
ing the field can significantly de- 
crease the amount of experimental 
work necessary. 
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Fig. 7. Drying rate vs. bed thickness (through 
circulation with reversal of air flow). 


R= —— = 
CL CL 
sech 0.5 C’L’ (12) 
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CONCLUSIONS 

1. The drying rate of the hydrogel 
studied is proportional to the dif- 
ference between air dry- and wet- 
bulb temperatures during the con- 
stant-rate period. 
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2. During the falling-rate period 
the rate is proportional to the freé- 
moisture content. The proportionality 
factor is a complicated and unde- 
termined function of the difference 
between dry- and wet-bulb tempera- 
tures. 

3. Wet-bulb temperature level and 
drying rate during the falling-rate 
period are the major determinants 
of the density and large-pore volume 
of cracking catalysts prepared from 
this hydrogel. The higher the wet- 
bulb temperature, the faster the 
catalyst may be dried to obtain the 
desired density. 

4. According to theoretical analy- 
sis, the important factors influencing 
uniformity of drying during the con- 
stant-rate period when deep layers 
are dried are bed depth, air velocity, 
and particle size. 
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NOTATION 


a= surface area, sq.ft./cu.ft. 

Cy, = specific heat, B.t.u./ (Ib.) (°F.) 
h=heat transfer coefficient, 
B.t.u./ (hr.) (sq.ft.) (°F.) 

k =a constant 
q= heat transfer rate, B.t.u./hr. 

At, =change in air temperature 
passing through bed, °F. 

At, =temperature difference be- 
tween air and solid at en- 
trance of bed, °F. 

At. =temperature difference be- 
tween air and solid at exit 
of bed, °F. 

A = bed area normal to flow, sq.ft. 

C, C’ = constants 

G=mass_ velocity, 

L' = bed thickness, in. 

W = moisture content, lb. H,O/Ib. 
bone dry solid 

W, = equilibrium moisture content, 
lb. H.O/lb. bone dry solid 

6 = time, hr. 


lb./ Chr.) (sq. 


LITERATURE CITED 


1. Gamson, B. W., G. Thodos, and 
O. A. Hougen, Trans. Am. Inst. 
Chem. Engrs., 39, 1 (1943). 

2. Marshall, W. R., Jr., and O. A. 
Hougen, Trans. Am. Inst. Chem. 
Engrs., 38, 91 (1942). 

8. Milliken, T. H., Jr., U. S. Pat. 
2,487,065 (Nov. 8, 1949). 

4. Perry, J. H., ed., “Chemical En- 
gineers’ Handbook,” p. 823, Mc- 
Graw-Hill Book Company, Inc., 
New York (1950). 

5. Ibid., p. 807. 


Presented at AI.Ch.E. New York meeting 


September, 1955 


_ 
— 
| 


Extraction of Petroleum Fractions 


by Ammonia Solvents 


In developing a solvent for the 
separation of complex hydrocar- 
bon mixtures many factors must 
be considered, some of the more 
important of which are listed in 
Table 1. It is easy to get some of 
these properties but difficult to get 
all of them in a single solvent. 


TABLE 1.—FACTORS IN SOLVENT 
SELECTION 

1. Selectivity, 8 

2. Solubility—8 relationship 

3. Adaptability to various 
feed stocks 

. Ease of recovery 
(volatility, etc.) 

5. Density 

6. Stability 

7. Corrosiveness 

8. Cost 

9. Viscosity 

10. Interfacial tension 

11. Toxicity 

12. Freezing point 

13. Latent heat 


Consequently the choice has to be 
based upon a composite evaluation. 
For example, prime emphasis can 
be placed on solvent selectivity as 
defined by 8 (Table 2), but unless 
the solvent has a relatively high 
dissolving power under the con- 
ditions for having a good 8, the 
solvent is handicapped because ex- 
cessive solvent treats may be 
needed. What is desired (but diffi- 
cult to obtain) is a high solubility 
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and a high 8 throughout the con- 
centration range over which the 
separation is being made. Solubility 
is the weight percentage of hydro- 
carbon in solution in the solvent 
phase. 

It is obviously desirable to be 


Since some separations will in- 
volve circulating large amounts of 
solvent, the regeneration of the 
solvent should be easy. Distillation 
is a convenient method when large 
amounts of high heat are not 
needed. However, other methods, 


TABLE 2.—DEFINITION OF 8 AND EQUATIONS FOR MINIMUM CONDITIONS 


1. Stages (z+) = 


0. ) | 
2. Reflux ratio 


| 


0. il wt. %S | Fa 
Solvent: oil rat min = | —+ | 
3. Solvent: oil ratio S/O | 1 wt. %O Jy O, 


P. 


Notation 

%q = wt.% more soluble component, 
solvent-free basis 

%,=wt.% less soluble component, 
solvent-free basis 

N = total perfect stages (minimum) 

8=average 8 in stage equation 
(1); 8 at feed point in reflux 
ratio equation (2) 

O,= pounds of oil overflow at feed 

P,= pounds of oil removed as extract 
product 


S/O = solvent-to oil ratio, by weight 
(neglecting solvent removed 
with final raffinate) 

[Wt.% S/Wt.% O],, = ratio of wt.% 
solvent to wt.% oil in solvent 
phase leaving feed point 

O, = pounds of oil fed to system 


Subscripts 

e refers to final extract 
f refers to oil feed point 
y refers to final raffinate 


able to use the same solvent system 
for various feed stocks. In this 
way a plant can be shifted from 
one feed to another without a new 
solvent-extraction facility having 
to be built. 
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such as chilling to separate the 
solvent or washing with another 
solvent, can sometimes be used. 
For a solvent to find its widest use, 
when distillation is employed for 
its recovery, the solvent should 
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boil either below the materials be- 
ing separated or well above them. 
A solvent boiling coincident with 
some of the materials being sepa- 
rated offers many problems. 

The other properties, 5 to 13 in 
Table 1, relate to extractor design, 
the cost of the operation, and the 
character of the equipment em- 
ployed. Density, viscosity, and in- 
terfacial tension are important in 
phase mixing and phase separa- 
tion. These properties affect the 
capacity and efficiency of an ex- 
tractor. 


EXTRACTION VARIABLES 


To make a given sharp separa- 
tion by extraction, it is important 
to know at least three of the re- 
quirements, namely, the number of 
theoretical stages, the reflux ratio, 
and the solvent-to-oil ratio. “Oil” 
is used here to denote generally 
the material to be separated. Table 
2 lists the equations for calculat- 
ing the minimum values of these 
three operating variables. These 
equations are for the usual en- 
gineering bases, namely continuous 
and steady-state operation. 

Figure 1 illustrates the use of 
these relationships for the separa- 
tion of a binary A-B mixture con- 
taining 25% A to produce 95% A 
in the extract and 5% A in the 
raffinate when the solubility in the 
solvent is 20% at the feed point 
(1). Many separations can be made 
by extraction if ten to twenty-five 
theoretical stages are used, even 
if 8 is as low as 1.5. 

In dealing with a practical ex- 
traction case something more than 
the minimum conditions, shown on 
Figure 1, is needed. 

Figure 2 shows how actual and 
minimum extraction conditions are 
related. This is an empirical rela- 
tionship. The band was calculated 
using more than 40 points from 4 
different hydrocarbon-solvent sys- 
tems employing reflux. The ranges 
in values used in these calcula- 
tions are (a) extract to raffinate 
purity from 90 to 99%, (b) solu- 
bility of hydrocarbon in the solvent 
from 5 to 20%, (c) 8 from 1.07 to 
10, and (d) the feed to the ex- 
tractor from 20 to 50% in extract- 
able component (1). 


SELECTIVITY OF VARIOUS 
SOLVENTS 

There are so many mixtures that 
are amenable to extraction and so 
many liquids potentially useful as 
solvents that a detailed discussion 
of all these combinations cannot 
be given here. A few comparisons, 
nevertheless, are possible for two 
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hydrocarbon systems, (a) methyl- 
cyclohexane and n-heptane, a naph- 
thene-paraffin pair difficult to sepa- 
rate by distillation, and (b) toluene 
and methylcyclohexane, an aro- 
matic-naphthene pair illustrating 
the separation of aromatics from 
hydrocarbon mixtures. 

The behavior of different solvents 
with these two systems is shown 
in Tables 3 and 4. In Table 3 these 
8’s are to be compared with an « 
of 1.07 for distillation and a y of 
about 1.8 for vapor-liquid extrac- 
tion for most solvents. 


| BASED ON THE SEPARATION OF 25% A 
IN FEED TO 95% A IN EXTRACT AND 


20}— 5% A IN RAFFINATE 


| 
—} SOLVENT:O1L RATIO BASED ON 20% 
}ExTRACT IN SOLVENT AT THE FEEO 


RATIO REFLUX 


RATIO ANDO MINIMUM NUMBER OF STAGES 
o 
T 
+ 
| 


STAGES 


MINIMUM SOLVENT 


+ 

o 


BETA 


Fig. 1. Variation of minimum solv- 
ent: oil ratio, minimum reflux ratio 
and minimum stages with 8. 


ACTUAL STAGES 
MINIMUM STAGES 


RATIO: 


| | 

1,06 1081.1 1.2 1.4 16 1.82.0 3.0 4,0 50 
ACTUAL SOLVENT:OIL_RATIO 


RATIO: WiNIMUM SOLVENT:OIL RATIO 


Fig. 2. Estiniation of practical oper- 
ating conditions from minimum 
values. 


T 
SOLVENT: ANHYDROUS AMMONIA 


150 


°F 


TEMPERATURE, 


! 


BOILING POINT OF HYDROCARBON, °F. 


Fig. 3. Temperature for 10 wt. % 
solubility. 
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The toluene - methylcyclohexane 
system (Table 4) differs from the 
other system in that most of the 
solvents are completely miscible 
with toluene. This means that 
toluene cannot be made pure by 
liquid extraction unless some way 
is found to change the solubility 
behavior as the concentration of 
toluene increases in the extractor. 
The limiting purity is listed in the 
last data column on Table 4. In 
general there are three ways to 
open up this type of phase diagram 
so as to permit the most soluble 
component (viz. toluene) to be pro- 
duced in pure form. 

1. In one case the temperature can 
be successively lowered in the ex- 
tractor as the solvent phase becomes 
progressively richer in the extract- 
able component. This lower tempera- 
ture will reduce the solubility, as 
illustrated in Figure 6. This is an 
effective procedure when applicable. 
The limitations are that the solvent 
or the material being extracted must 
not solidify or become too viscous to 
flow readily and that the maintenance 
of the lowest required temperature 
must not be too difficult or expensive. 

2. A precipitant, or antisolvent, 
can be injected along the main solvent 
flow path to reduce gradually the 
dissolving power of the solvent as it 
flows toward the extract end of the 
extractor. For example, the precipi- 
tant may be water when the solvent 
is alcohol, phenol, or liquid ammonia. 
This is an effective procedure and 
obviates extensive temperature re- 
ductions. It is necessary, however, to 
separate the precipitant from the 
solvent because usually it is not 
needed at the raffinate end of the 
extractor, or the point of solvent 
entry. 

3. Another solvent incompletely 
miscible with the main solvent but 
having good dissolving power for the 
material being extracted can be in- 
troduced at the extract end of the 
extractor to take the place of the 
usual reflux phase. Thus there is 
always a two-phase liquid-liquid sys- 
tem present and the process of ex- 
traction can continue to any desired 
purity if the 8 and the stages are 
adequate. This second solvent flows 
countercurrently to the main solvent. 
The principal disadvantage of this 
two-solvent system is that two sol- 
vents, instead of one, have to be 
handled and recovered. This double- 
solvent procedure is_ particularly 
valuable when the mixture being 
separated is very viscous or even 
solid. Extraction, or the separation 
of the mixture, can occur as long as 
there are adequate solubility in the 
solvents and a suitable 8. 


LIQUID AMMONIA AS 
A SOLVENT 


It has been recognized for some 
time that liquid ammonia is a use- 
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ne TABLE 3.—METHYLCYCLOHEXANE-n-HEPTANE-SOLVENT TOLUENE METHYLCYCLOHEXANE 


me Solubility*, wt. % a 
B This system is shown in Figure 
= Solvent Temp., °F. in solvent phase (average) Ref. 6 for anhydrous peer en To 
make a complete separation of both 
by Methanol _ —4 14 1.2 3 hydrocarbons with anhydrous 
ay Sulfur dioxide 50 10 1.2 6 ammonia, an extractor would have 
ty Ammonia 110 10 1.3 4 a very pronounced temperature 
of Acetonitrile 104 14 13 3 gradient: the raffinate end would 
2, 4-Dimethylthia- be about 100°F. and the extract 
he cyclopentane dioxide 113 10 er 7 end below 10°F. 
In Methy] cellosolve 50 15 1.3 3 This high gradient can be elimi- 
to Acetonylacetone 86 14 13 3 nated by using water as an anti- 
m Methyl carbitol 140 13 13 3 solvent, as shown in Figure 7. To 
dle Furfural 140 15 1.4 3 limit the solubility of toluene in 
0- Aniline 102 15 14 3 anhydrous ammonia to 20 wt.%, 
Phenyl cellosolve 122 15 14 3 the temperature has to be below 
an Gamma valerolactone 102 14 .- 4 0°F. On the other hand, the tem- 


*Hydrocarbon charge composition is 350 vol.% m-heptane and 50 vol.% methylcyclohexane, The perature can be 100°F. if liquid 
les solvent:oil-weight ratio is 1:1. 
ammonia contains about 13 wt.% 


“d water. Figure 8, which shows these 
- ful solvent, resembling water in and those which are less polar are relationships as a triangular di- 
_ some of its characteristics. Being extracted. Similarly, water is de- °87@™) illustrates the desirability 
an inorganic compound, it has not sirable in the solvent when low- pattern typl- 
“ey been used extensively heretofore molecular-weight hydrocarbons, and ee 
ra for hydrocarbon separations; how- particularly those high in polarity 
one ever, liquid ammonia has good such as aromatics, are extracted. OTHER HYDROCARBON SYSTEMS 
re solvency and selectivity for sepa- 
oe rating several hydrocarbon types. 8-SOLUBILITY RELATIONSHIP Table 5 illustrates the selectivity 
nt, When its solubility becomes too For this solvent system a corre- of liquid nopeneaguens for separating 
nt low the use of a low-molecular- lation has been obtained between various binary hydrocarbon a 
he weight amine, such as monomethy- __ selectivity, defined as $, and the tems at 10 wt.% solubility. , 
be lamine, has been found satisfac- differences in temperatures in de- ‘The C-7 binary series is of in- 
4 tory for increasing the solvent grees Fahrenheit for 10 wt.% —_ Here one of the components 
i power. This is an alternative to solubility for any pair of hydro- involves the carbon skeleton of 
ia. raising temperature. When the carbons. This is shown in Figure  ™¢thyleyclohexane and one of the 
ad solubility becomes too high, water 4. Upon combining it with Figure  ©™ponents decreases successively 
re- is a good antisolvent. Thus this 3 one can ascertain the feasibility in hydrogen content from the other 
to three-component solvent system, of separating hydrocarbons with by two hydrogen atoms. Ammonia 
he comprised of water, liquid ammo- liquid ammonia. These relation- is selective enough to recognize 
Lot nia, and monomethylamine, enables __ ships are applicable for separating  *hiS difference. 
he a great variety of hydrocarbon  gasolines, kerosenes, gas oils, and _ Other naphthene-paraffin separa- 
nt mixtures to be separated (5). lubricating distillates. tions have been made with these 
sly Figure 3 illustrates the solubility 8 is strongly dependent on the ammonia solvents. Table 6 illus- 
ut relationships for various hydro- solubility. Thus, to be able to use ‘Fates the importance of selecting 
he carbon types when liquid ammonia this ammonia solvent system ef- the proper boiling-point relation- 
in- contains 10 wt.% of these in solu- _fectively, it is important to control Ships for a naphthene-paraffin sepa- 
he tion. The temperature at which the solubility throughout the con- Tation. Since the solvent recognizes 
he 10 wt.% solubility is obtained is centration range prevailing in an differences in molecular weight as 
ee plotted against the boiling point extractor. This is particularly true Well as molecular type, narrow boil- 
ig of the various hydrocarbon types. for difficult separations and separa- ig cuts are preferred for naph- 
“ae | It is evident from this diagram tions involving both high yield thene-paraffin separations. 
os that the use of a prosolvent, such and high purity. Figure 5 illus- 
trates the dependency of B on  py_LoT PLANT SEPARATIONS 
solubility. A twenty-stage stacked extractor 
11S 
ol- (2) has been used to carry out a 
be 2 variety of separations with this 
ly | 6r 8 and continuous extractions have 
ng been made, but this discussion re- 
lates only to continuous steady- 
state operation. These separations 
do not necessarily represent the 
optimum. Instead they are intended 
to illustrate the range of feeds and 
+o the versatility of the ammonia type 
TEMPERATURE , °F of solvents. Both stripping and en- 
> "Fig. 5. Variation of 8 with tempera-  Tiching stages are employed, for 
“it Fig. 4. § for hydrocarbon binary ture: toluene-methyleyclohexane-am- | What takes place in the enriching 
3€- (A-B) in liquid ammonia. monia. zone determines the purity of the 
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TOLUENE most soluble component. What hap- 
pens in the stripping zone deter- 
mines its yield. 


TABLE 6.—SELECTIVITY OF NAPH- 
THENE-PARAFFIN SYSTEMS 


B.P. naphthene — Bat | 
B.P. paraffin, °F. 15 wt.% solubility 
—30 1.45 i 
—10 1.32 
Fig. 6. Toluene-methylcyclohexane- , 50 1.10 
ammonia; for solubilities along AB, Fig. 8. 
8 — 4.0 to 5.5. solvent at 110°F. wt.% naphthene 
Sol iti 4 
olvent composition, wt. % ( wt.% paraffin ). 
Area NH, 
AB-CD 86 14 Bett/ wt.% paraffin 
EF 90 10 ii wt.% naphthene f 
GH 95 5 
iy 100 0 
For solubilities along CJ, 8 = 3.5 to Figure 9 is a diagram of the 
5.5. 


pilot plant. Because ammonia and 
monomethylamine are low boiling, 
pressure distillation is used to 
separate and regenerate the sol- 
vent. Open steam stripping is used 
to separate the solvent from the 
extract and raffinate portions. Part 
of the water is recycled, as shown, 
to get solubility control in the ex- 
tractor. 

This pilot plant is operated at a 
pressure sufficient to maintain the 
solvent within the extractor in a 


R 


{ > 


—— REFLUX 


RAFFINATE PHASE 


Fig. 7. Relation between tempera- 
ture and water content to maintain 
20 wt. % solubility of toluene in FEED EXTRACT RAFFINATE 


= SOLVENT 


ammonia. Fig. 9. Liquid-extraction pilot plant. 
P liquid phase. The pressure required 
is in the range of 150 to 200 lb. 
TABLE 4.—TOLUENE—METHYLCYCLOHEXANE--SOLVENT sa.in.abs. 


At plait point 
oO SOLVING EXTRACTION PROBLEMS 


B at 20% hydrocarbon Wt. ¢ j e | 
Methyl carbitol 4 0 3'8 59 51 3 variety of extraction pro ems. be- : 
Methyl cellosolve 90) 4.2 65 39 3 cause of the ease of sampling the : 
Aniline) a0 4,5 58 42 3 phases in the extractor and the 
Ammonia 70 4.7 62 73 ie ease of removing solvent from 
2, 4-Dimethylthia- h 
cyclopentane dioxide 0 5.0 57 45 - these samples, extensive operating- 
Furfural 10 5.0 63 48 3 line-equilibrium-curve analyses can 
Gamma valerolactone 0 6.0 a 4 4 readily be made. Figure 10 illus- 
Acetonitrile 10 6.3 78 48 3 sates the type of data province 
Acetonylacetone —10 6.6 65 43 3 
Sulfur dioxide —40 177 59 44 6 on a simple system. In this case 
the distribution of stages and the 
was such that most of the stages 
e were used effectively. In a separa- 
TABLE 5.—SEPARATION OF HYDROCARBONS WITH LiIquID AMMONIA tion of this type where the solu- 
8 Min. theo. stages bility changes through the ex- 
y tie n system solubility pure raffinate ture being used, it is important 
a = 8 to have the solubility on the stages 
e:isobutylene i - 
Trimethylethylene:n-pentane 1.9 10 properly controlled either by _tem 
Isoprene:pentene-1 20 9 perature reduction or water injec- 
Methylcyclohexane :m—heptane £3 20 tion or both. Because of these 
1.5 15 solubility changes, which affect §, 
Methylcyclohexadiene:toluene 16 13 the equilibrium curve is not really 
Styrene :ethylbenzene 18 10 a smooth. continuous line as shown. 
Octene-1 :isopropylbenzene 2.8 6 Instead, it is actually saw-toothed 
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TABLE 8.—LIQUID EXTRACTION OF A CATALYTIC CYCLE OIL (600° To 1,000°F.) 


Solvent composition, Wt. % =33NH:, 67MMA 
Feed composition =47 vol. % aromatics 
Stages, E/F/S=4/F/4 


Operating conditions 
S:0, wt. ratio 
Reflux ratio (top of extractor) 
Temperature, °F. 
H,0 injection, wt.% of solvent 


Raffinate, vol% of feed 
Vol.% aromatics 


Extract, vol.% of feed 
Vol.% aromatics 


Yield, % of feed aromatics in extract 


3 3.6 2.2 
1 2.6 1.3 
88-102 81-100 86-104 
4 3 
55 50 50 
15 11 18 
45 50 50 
88 81 79 
83 88 79 


AVERAGE EXTRACTION TEMPERATURE = 75°F 
HYDROCARBON FEED POINT = STAGE 8 
WATER INJECTION ON STAGES 8 AND 12 


SOLUBILITY RANGE, WEIGHT 


ABOVE FEED POINT = 14 TO 24 
BELOW FEEO POINT = 4 TO 11 


CH IN EXTRACT PHASE 


OLUE NE_IN EXTRACT PHASE. 


COMPOSITIONS, WT % TOLUENE, SOLVENT FREE 


EXTRACT 99.9% 
RAFFINATE = 2.2% 
FEED = 27.0% 


wT. % LUENE IN RAFFINATE 
Xx 


10 100 1000 
PHASE 


AFF 
A. 
MCH IN RAFFINATE PHASE 


Fig. 10. Operating diagram for the extraction of toluene- 
methyleyclohexane with ammonia. 


BENZENE SEPARATION 


Liquid ammonia can be used to 
separate benzene from straight- 
run and cracked naphthas contain- 
ing olefins. A typical separation 
of benzene from a cracked-naphtha 


100; 
aTRact 


PONTS O8TARED 
ROM THE STAGE NUMBERS 


VOL. % AROMATICS IN EXTRACT PHASE (SOLVENT-FREE) 


8 
SOLUBILITY, WT. % HYDRO: 
CARBON IN EXTRACT PHASE 


° 
i 
5 


60 


85 


Fig. 11. Volume % aromatics in ex- 
tract phase (solvent free). 
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fraction boiling in the 140° to 
195°F. range is shown in Table 
7-D. Water injection was used to 
control the solubility in the ex- 
tractor. In this extraction twelve 
stages were used in the enriching 
section and seven in the stripping 
section. 


OLEFIN: SATURATE SEPARATIONS 


Olefin:saturate separations are 
not easy with feed stocks with a 
wide boiling range. The problem 
here is one of dissolving the high- 
est boiling olefin without taking 
into solution the lowest boiling 
saturate. Accordingly, narrower 
boiling feeds help materially in 
getting both high-olefin yields and 
purities. 

Table 7-E illustrates this separa- 
tion for two feeds. The separation 
would have been much sharper had 
these feed stocks been of narrower 
boiling range. These stocks cannot 
be separated by distillation or ex- 
tractive distillation to the extent 
shown by these liquid extractions. 
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CYCLE STOCKS AND 
LUBRICATING OILS 

This liquid ammonia system has 
been used to extract hydrocarbons 
ranging in boiling point from 0° 
to about 1,000°F. at atmospheric 
pressure. In the higher range the 
separation frequently relates to 
taking out aromatics. Table 8 typi- 
fies separations in a catalytic cycle 
oil. Olefins and diolefins present in 
such feeds are not troublesome. 
Cycle-stock separations are rela- 
tively easy, the selectivity is good, 
phase separation is rapid, and the 
solvent is easily recovered. 

In the Colombian distillate ex- 
traction, shown in Table 9, the 
object was to reduce neutraliza- 
tion number and to remove the 
highly condensed or cyclic aro- 
matics. Complete dearomatization 
was not required. In addition to 
extracting Coastal distillates, this 
solvent system has been used on 
paraffinic lubricating distillates to 
obtain improvements in viscosity 
index, cleanliness, bearing corro- 
sion, and oxidation stability. 


SUMMARY 


Liquid ammonia properly con- 
trolled is a versatile solvent for 
extracting a wide variety of hydro- 
carbon mixtures. Separations by 
liquid extraction can be effected 
between aromatics and olefins, ole- 
fins and saturates, and in some 
cases between naphthenes and 
paraffins. Solubility varies widely 
for different types and sizes of 
hydrocarbons. Because the selec- 
tivity of the solvent is dependent 
upon solubility, it is important 
that the dissolving power of the 
ammonia solvent be controlled so 
that the amount of hydrocarbon 
in solution in the solvent usually 
lies between about 10 and 30 wt.%. 
Thus at all points in a multistage, 
compound, countercurrent extractor 
the solvent is incompletely miscible 
with the hydrocarbons undergoing 
extraction. 

From a practical viewpoint ex- 
traction temperatures are usually 
between 50° and 150°F. 

To effect the necessary solubility 
control of these ammonia solvents 
in a multistage extractor, water 
(in concentrations between 0 and 
i5 wt.%) is used at appropriate 
extraction stages to reduce the 
dissolving power of liquid ammonia. 
To enhance or increase this dis- 
solving power, methylamine has 
been found very suitable; it is 
usually in concentrations between 
0 and 50 wt.% for many hydro- 
carbon extractions. 
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Fig. 12. Fractional distillation of extraction products from catalytic heavy 


naphtha, 236° to 458°F. (run B in Table 9): 
vol. % of feed); bottom, raffinate (55 vol. 


A twenty-stage, countercurrent, 
stainless steel extractor, with both 
stripping and enriching zones, has 
been employed for batch as well 
as continuous liquid extractions. 
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top, feed; middle, extract (45 
% of feed). 


The hydrocarbon feed rates are 
usually between 0.5 and 3 gal./hr. 
and the solvent-to-oil ratios usual- 
ly range from 1 to 1 to as high 
as 10 to 1. 


A.LCh.E. Journal 


Extractions of pure binary mix- 
tures show what goes on in a 
compound extractor and how the 
solubility control is realized. 

Other data on thermally and 
catalytically cracked naphthas, 
catalytic cycle stocks, and Coastal- 
type lube oils show how this sol- 
vent system is applied to petro- 
chemicals, octane improvement, the 
making of solvents and aviation 
blending stocks, and the upgrading 
of lube distillates. 


TABLE 9.—LIQUID EXTRACTION OF 
COLOMBIAN DISTILLATE 


Solvent composition, wt.% =40 NHs, 
60 MMA 


Operating conditions 
Stages, E/F/S 8/F/4 8/F/4 
S:0 wt. ratio 1.0 Re 
Temperature, °F. 112 100 
Raffinate, vol.% of feed 88 81 
S.U.S. at 100°F. 743 716 
Viscosity index 29 38 
Neut. No. 0.1 0.1 
Vol.% aromatics 23 20 
Extract, vol.% of feed 12 19 
S.U.S. at 100°F. 1,465 1,490 
Viscosity index —107 —97 
Neut. No. 8.7 3.5 
Vol.% aromatics 86 80 
Feed 
S.U.S. at 100°F. 880 
Viscosity index 18 
Neut. No. 1.7 
Vol.% aromatics 30 
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Effect of Void Volume and Prandtl Modulus on 
Heat Transfer in Tube Banks and Packed Beds 


Joel Weisman 


Brookhaven National Laboratory, Upton, New York 


A correlation is presented relating the heat transfer characteristics of cross-flow 
heat exchangers to the void-volume-and-tube-pitch ratio. A similar correlation is 
found to be applicable to heat and mass transfer in packed and fluidized beds and 


through screens. 


A limited amount of data has been obtained on the effect of the Prandtl modulus 
at high Reynolds numbers. These data seem to indicate, as do those for flow through 
tubes, that the Prandtl number exponent is a function of Reynolds number. 


EFFECT OF VOID VOLUME 


The rate of heat transfer for 
fluids flowing normally to banks 
of circular tubes is of interest in 
the design not only of cross-flow 
exchangers, but also of the more 
common baffled exchangers. Heat 
transfer in cross flow has there- 
fore been the subject of a number 
of investigations. Despite the con- 
siderable quantity of data in the 
literature, there is no generalized 
correlation relating heat transfer 
characteristics to lattice geometry. 
It is the object of the first part of 
this paper to present such a corre- 
lation and to show how this may 
be applied to packed and fluidized 
beds. 

The first correlation of cross- 
flow data was made by Colburn(5) 
in 1933. He assigned the letter 7 
to the quantity (Pr) 
and found that the data then avail- 
able for staggered tube banks were 
represented by 


—0-4 
DG nce ) 
My 


j= 033( 


(Dome | > 300 (1) 


Since that time the extensive 
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data of Pierson(23) and Kays, 
London, and Lo(19) for air in 
turbulent flow have appeared. 
These data show that the lattice 
arrangement has a definite effect 
on the heat transfer coefficients 
obtained. Pierson found that the 
variation due to lattice spacing 
increased with decreasing Reyn- 
clds number. Grimison(15) corre- 
lated the data of Pierson by 


0.61 
AP = 0.28 Fa (2) 
Mr 


where Fa was an empirical factor, 
depending on lattice arrangement 
and Reynolds number, which varied 
from 0.65 to 1.3. 

Bergelin et al.(1)(2) investi- 
gated the effect of lattice spacing 
in the intermediate and laminar 
regions. The lattice arrangement 
was found to have a noticeable ef- 
fect, which was greater at the 
lower Reynolds numbers. At the 
lowest Reynolds numbers investi- 
gated it was found that there was 
more than a twofold variation in 
exchanger performance. 


Present Correlation 

The variation in the heat trans- 
fer characteristics of various lat- 
tices can be related to the ratio of 
the tube pitches and the void frac- 
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tion, «, of the lattice. The void 
fraction is defined as 


STAGGERED TUBE 
BANKS 
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Fig. 1. Variation of arrangement of 
coefficients with s,/s). 
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Fig. 2. Variation of arrangement of 
coefficients with Reynolds number. 
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By means of the void-fraction con- 
cept it is possible to use a Reynolds 
number based on the average veloc- 
ity through the lattice. 


Re = DG/ue (4) 


Using this Reynolds number, one 
may define a j factor as follows: 


f €, Re) (5) 


or rearranging, 


J 


(s:/s1, Re) (6) 


Equation (6) will be used since 
it is in harmony with the treat- 
ment now given to packed and 
fluidized beds. It is found that the 
effects of void-volume-and-tube- 
pitch ratio may be accounted for 
by using an equation of the form 


f (Re) (7) 


where ¢=arrangement exponent 
depending on the ratio, s;,/s,, of 
transverse to longitudinal tube 
pitch 

b =coefficient depending on the 
Reynolds number (fixed at 1 for 
DG/we = 4,000). 


The values of ¢ and b were ob- 
tained by correlating the available 
data (1, 2, 19, 23), which include 
values of « from 0.415 to 0.91. It 
was found that the exponents re- 
quired for in-line arrangements 
differed from those required for 
staggered tube banks. Figure 1 
shows ¢ as a function of s,/s, for 
both arrangements, and Figure 2 
shows 6b as a function of Reynolds 
number. For staggered tube banks 


b=1.75(DG/ue)” (8) 


For in-line tube banks, 0D re- 
mains constant at a value of 1.1 
until a Reynolds number of 1,200 
is reached. At higher Reynolds 
numbers the values of b for both 
arrangements coincide. 
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Fig. 3. Correlation 
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Fig. 4 Correlation of data for heat transfer rates in in-line tube banks. 
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with data obtained 
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The data of Bergelin and co- 
workers(1 and 2) for staggered 
tube banks together with points 
from each set of data for the dif- 
ferent staggered arrangements of 
Pierson (23) and Kays, London and 
Lo(19) are plotted in Figure 3. 
In the laminar and intermediate 
regions Bergelin et al. found that 
the effect of physical properties 
was best accounted for by using 
Pré together with the Sieder and 
Tate(29) correction. Therefore, in 
the data of Bergelin and coworkers 


i= 
kp 
(9) 
A single smooth curve is ob- 
tained from the data of the several 
investigations. In both the viscous 
and turbulent regions the curve 
can be very closely approximated 
by straight lines on logarithmic 
coordinates. The equations in these 
regions are 


0.895 (DG/pe) 
where 


(1 <(DG/pe) < 100) (10) 


je” = 0.38 


where 
(300 < (DG/ue) < 40,000) (11) 


A very good correlation is found 
to exist. The lattice spacings in- 
vestigated by Pierson(23) and 
Kays, London, and Lo(19) and 
Bergelin et al.(1 and 2) show no 
deviation from the curve in excess 
of 10% although a few individual 
points show deviations in excess of 
this. 

Although only one lattice ar- 
rangement was investigated, the 
data obtained by Sheehan et al. 
(28) for very high Reynolds num- 
bers are also shown in Figure 38. 
In the plotting of these data it was 
assumed that correct values of b 
couid be obtained by extrapolation 
of Equation (8) to these high 
Reynolds numbers. By this pro- 
cedure the following is obtained: 

0.051 (DG, Le) 


where 


(DG/ue).> 80,000 (12) 


The data of Bergelin et al.(1 and 
2) together with representative 
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points from each of the in-line lat- 
tices studied by Pierson(23) are 
plotted in Figure 4. The discon- 
tinuity between the fully turbulent 
and laminar regions is more 
marked in the in-line banks than 
in staggered tube banks. In the 
viscous region the data are corre- 
lated by 


j 0.786(DG/ 


where 


(1 < (DG/ye) < 300) (13) 


In the fully turbulent region the 
following is obtained: 


where 


(2,000 < (DG/ ne) < 30,000) (14) 


The deviation of the experi- 
mental points from the foregoing 
equations appears to be within the 
experimental error, as no lattice 
spacing shows a deviation in ex- 
cess of 15%. 

A comparison of the tube-bank 
correlations (Figure 5) shows that 
the staggered-tube data lie above 
the data for in-line banks until a 
Reynolds number of 30,000 is 
reached. From this point on, the 
two curves appear to be coincident. 
It will be noted that for the inter- 
mediate Reynolds number range 
there is considerable variation be- 
tween the curves for in-line and 
staggered tube banks. The use of 
a single correlation for both ar- 
rangements can lead to errors as 
high as 90%. Both tube-bank cor- 
relations lie above the data for 
single cylinders in the fully turbu- 
lent region. In the laminar region 
the staggered-tube-bank correla- 
tion lies above the single-cylinder 
data but the in-line-tube-bank cor- 
relation lies below. The failure of 
these correlations to extrapolate to 
¢=1 indicates that they should 
not be used for situations where 
the void fraction, «, is much in 
excess of 0.9. 


Heat and Mass Transfer in Packed and 

Fluidized Beds 

The first problem which presents 
itself when an attempt is made to 
extend the correlation developed 
for tube banks to other systems is 
the choice of a suitable substitute 
for tube diameter. A quantity 
which has been found useful in 
pressure-drop correlations is the 
specific surface, a. 
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__ surface area of particle 
volume of particle 


(15) 


The Reynolds number then be- 
comes 


Re = G/a ep (16) 


For a cylinder 1/a equals one 
fourth the diameter; for a sphere 
1/a equals one sixth the diameter. 

The utility of this concept when 
applied to heat transfer is illus- 
trated in Figure 6. There the heat 
and mass transfer data for single 
spheres in air are compared with 
the curve recommended by Mc- 
Adams(21) for single cylinders. 
The agreement between the sphere 
data and cylinder line is good, 
particularly for the mass transfer 
data. 

By use of the Reynolds number 
defined by Equation (16), the data 
of McCune and Wilhelm(22) and 
Chu et al.(4) for fluidized beds of 
spherical particles may be corre- 
lated in the same manner as the 
tube-bank data. The value of ¢ 
is found to be 1.1, and b is ob- 
tained from the curve used for 
staggered tube banks. (See Figure 
2.) When so treated, the mass 
transfer data are correlated by the 
curve previously obtained for heat 
transfer in staggered tube banks. 
(See Figure 7.) 

The data of McCune and Wil- 
helm(22) agree very well with the 
curve but some scatter is observed 
in the data of Chu et al.(4). This 
scatter appears to be inherent in 
the data, the poorer precision ap- 
parently being caused by the dif- 
ficulty in measuring the bed height, 
and therefore «, in gas fluidization. 
The fluidized-bed data shown do 
not include data for values of « in 
excess of 0.86. At higher void frac- 
tions the data of McCune and Wil- 
helm(22) deviate from the curve 
and begin to approach those for 
single particles. 

The data for fixed beds may be 
handled similarly to those for 
fluidized beds. However, an addi- 
tional complication is introduced 
by the fact that not all the area 
of the packing or particles is ef- 
fective in the transfer of mass 
and heat. Gamson(13) has sug- 
gested that the 7 factor be divided 
by an area factor, representing 
the fraction of the packing area 
which is effective. The gas-film 
data of Hougen, Gamson, and co- 
workers (14, 30, 33) are plotted in 
Figure 8 by means of the area fac- 
tors recommended by Gamson(13). 
The value of ¢ for packed beds is 
also found to be 1.1 and b is again 
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read from the curve for staggered 
tube banks. (See Figure 2.) 

Good agreement is obtained be- 
tween the data for various pack- 
ing shapes. As seen from Figure 8, 
above Re = 10 the packed data are 
also correlated by the curve previ- 
ously obtained for staggered tube 
banks. 

The liquid-film data of various 
investigators(7, 10, 12, 13, 22) for 
packed beds of spherical particles 
at low Reynolds numbers are not 
shown. As pointed out by Dryden, 
et al.(7) in liquid systems at low 
Reynolds numbers the rate of 
transfer obtained by packed beds 
is influenced by free convection, 
which in turn varies with the 
Grashof number. It is not to be 
expected, therefore, that those data 
can be adequately correlated by 
use of 7 factor concept. 


Heat Transfer Through Wire-Screen 
Matrices 

The data of Coppage and Lon- 
don(6) for heat transfer through 
beds of wire screens may also be 
correlated in the manner used for 
packed and fluidized beds. In this 
case it is necessary to define <« on 
the basis of a single screen, as it 
was found that the spacing be- 
tween successive screens did not 
affect the rate of heat transfer. 
Over the range of Reynolds num- 
bers investigated, the data seemed 
to be best fitted when ¢b equal to 
a constant value of 0.8 was used. 
The data, given in Figure 9, shows 
good agreement between the vari- 
ous matrices. The points are fitted 
fairly closely by the curve derived 
staggered-tube-bank data 
(maximum deviation of 30%) but 
are somewhat better correlated by 
the dotted line having the follow- 
ing equation: 


0.36 (G/a eu) 
where 
(0.5 < (G@/a en) < 60) (17) 


EFFECT OF PRANDTL NUMBER IN 

CROSS FLOW 

Comparatively little work has 
been done on the effect of the 
Prandtl modulus on heat transfer 
for the case of fluids flowing across 
tube banks. In general it has been 
assumed that the effect is the same 
in cross flow as in the better un- 
derstood case of flow through 
tubes. The latter case was first 
analyzed for the turbulent region 
by Prandtl(25) and Taylor(31) 
and more recently and extensively 
by Von Karman(18), Boelter et al. 
(1), and Reichart(27), using 
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with the data for single spheres. 
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Fig. 7. Comparison of data for beds of fluidized spheres with curve from 
staggered-tube-bank data. 


velocity-distribution measurements 
in straight tubes. 

Colburn(5) showed that over the 
range of Reynolds numbers then 
investigated the complex function 
of Prandtl number appearing in 
the theoretical derivations could be 
replaced by the Prandtl number to 
a constant power. Colburn could 
thus empirically correlate the data 
by equations of the form 


f (Re) = (h/C,G) Pr’ (18) 


One of the most recent theoreti- 
cal analyses is due to Lin, Moulton, 
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and Putnam(20), who introduced 


the concept of a small amount of 
eddy in what is normally con- 
sidered the laminar layer. With 
their analysis they were able to 
obtain considerably better agree- 
ment for heat transfer at Prandtl 
numbers greater than 1 and for 
mass transfer data at high Schmidt 
numbers. They presented their re- 
sults as a series of curves of h/CpG 
vs. Reynolds number with Prandtl 
number as parameter. These curves 
may be very closely approximated 
by an equation of the form 


f (Re) = (h/C,G) Pr” (19) 
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where » is itself a function of the 
Reynolds number. 

The variation in the Prandtl 
number exponent is shown in Fig- 
ure 10. 


—0.07 


n = 1.22 Re (20) 


It is seen that the Colburn ap- 
proximation of n=2/3 is a good 
average value for use at fairly low 
Reynolds numbers. However, the 
deviation from this becomes large 
at high Reynolds numbers. 

One might expect a similar situ- 
ation to obbtain in cross flow. It 
would also be expected that the 
effect would be noticeable at lower 
Reynolds numbers owing to the 
greater turbulence in cross flow. 
A small quantity of data which 
indicate that this may be true 
were obtained at Brookhaven Na- 
tional Laboratory as part of the 
previously reported(8, 9, 28) ex- 
tensive investigation of heat rans- 
fer rate for cross flow at high 
Reynolds numbers. 

Both local and average heat 
transfer coefficients were obtained 
for two lattice positions at two 
Reynolds numbers and a Prandtl 
number of approximately three. 
The equipment and methods used 
were those described by Sheehan 
et al.(28) and therefore will not 
be given in detail here. Briefly the 
heat transfer coefficients were ob- 
tained by measuring the total tem- 
perature difference between the 
bulk water temperature and the 
inside-wall temperature of a hol- 
low electrically heated nickel tube. 
The wall temperatures were ob- 
tained by means of a revolving 
pin-point thermocouple probe. The 
tube bank used consisted of 200 
elements 10 rows wide and 20 deep. 
The elements, 0.810 in. in diameter, 
were set in an equitriangular spac- 
ing with a pitch of 1 9/32 in. 

It is found that the 2/3 power 
of the Prandtl number does not 
bring the data taken at Pr = 8 into 
agreement with the Pr=1 data. 
The discrepancy is found to exist 
whether the comparison is based 
on the use of the average film 
temperature for the determination 
of fluid properties or on the use 
of bulk water temperatures to- 
gether with the Sieder and Tate 
(29) correction. If it is assumed 
that the effect of the Prandtl num- 
ber in cross flow is similar to the 
effect in flow through tubes, this 
discrepancy can be explained. It is 
known that for the turbulent re- 
gion, n=2/3 is a good average 
value between approximately (DG/ 
ne) = 100 and (DG/ye)= 2,000. If 


Page 346 


SYMBOL 
o 


KEY TO PACKED BED DATA 


PACKING SHAPE REFERENCE 
FACTOR (n) 

SPHERES 1.0 GAMSON, THODOS AND HOUGEN; 

WILKIE AND HOUGEN 

CYLINDERS 0.91 GAMSON, THODOS AND HOUGEN 
BERL SADDLES 0.8 TAECKER AND HOUGEN 
RASHIG RINGS 0.79 TAECKER AND HOUGEN 
PARTITION RINGS 0.67 TAECKER AND HOUGEN 
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3 
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aep. 
Fig. 8. Correlation of packed-bed heat transfer data. 
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Fig. 9. Correlation of wire-screen heat transfer data. 
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Fig. 10. Variable Prandtl] number exponent obtained 
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from work of Lin et al. (20). 
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a line parallel to Equation (20) is 
drawn through this region, one 
obtains for staggered tube banks 


n = 0.985(DG/pe) (21) 


In Figures 11 and 12 the experi- 
mental values for the average film 
coefficients are compared with the 
lines obtained by extrapolation of 
the Pr = 1 data for the same lattice 
positions. It is seen that the line 
obtained by use of the 2/3 power 
of Prandtl number falls consider- 
ably below the experimental points; 
however, the line obtained with the 
variable exponent of Equation (21) 
appears to fit the data within the 
experimental error. For the range 
of Reynolds numbers explored the 
Prandtl number exponent is about 
0.48. 

In Figures 13 and 14 a compari- 
son similar to the foregoing is 
made for the local heat transfer 
coefficients. The experimental 
points are compared with the 
curves obtained by extrapolation 
of the local-coefficients data of 
Dwyer, Sheehan, and Weisman(9). 
Again good agreement is obtained 
with the prediction based on the 
variable Prandtl number exponent 
of Equation (21). 

It is realized that the results 
given here must be regarded as 
tentative in view of the small 
amount of data available. It is re- 
grettable that budgetary restric- 
tions prevented additional work at 
other Reynolds and Prandtl num- 
bers, and it is hoped that other 
workers will investigate this prob- 
lem. 


NGTATION 


a= surface area of particle per 
unit volume of particle, sq.ft./ 


b= Reynolds number exponent, 
dimensionless 


C,, = specific heat, B.t.u./ (Ib.) (°F.) 

D = diameter of cylinder, ft. 

Fa=arrangement of factor of 
Grimison, dimensionless 

G = superficial mass velocity based 
on total cross-sectional area, 
lb./ (hr.) (sq.ft.) 

= Maximum mass _ velocity 
based on minimum flow area, 
lb./ Chr.) (sq.ft.) 

h = local heat transfer coefficient 
for a single point on the cir- 
cumference of a tube, B.t.u./ 
(hr.) (sq.ft.) (°F.) 

h = average heat transfer coeffi- 


cient, B.t.u./(hr.) (sq.ft.) 
(°F.) 
j=transfer coefficient, dimen- 
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sionless for heat transfer 
j =(h/Cp,G) (Pr)# for mass 
transfer 7 =(K'o/G) (Sc) 8 
k = thermal conductivity of fluid, 
B.t.u./ Chr.) (sq.ft.) (°F.) /ft. 
K'=mass transfer coefficient in 
concentration units, moles/ 
(hr.) (sq.ft.) (moles/cu.ft.) 
n = Prandtl number exponent, di- 


mentionless 

Pr = Prandtl number, dimension- 
less 

Re = Reynolds number, dimension- 
less 


s,= longitudinal tube pitch (dis- 
tance between tube centers in 


direction parallel to flow) 
s,= transverse tube pitch (di- 
stance between tube centers 
in direction normal to flow) 
S,= Schmidt number, dimension- 
less 
¢ = void fraction, dimensionless 
= density, lb./cu.ft. 
= arrangement factor, dimen- 
sionless 
fraction of packing area ef- 
fective in heat and mass 
transfer, dimensionless 
= viscosity, lb./ (ft.) Chr.) (eval- 
uated at bulk temperature 
when no subscript is used) 
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Fig. 11. Comparison of experimental values of the 
average coefficients (central position) at Pr=3 
with curves extrapolated from Pr=1 data. 
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Fig. 12. Comparison of experimental values of the 
average coefficients (wall position) at Pr=—3 with 
curves extrapolated from Pr=1 data. 
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Subscripts 

B = evaluated at bulk temperature 
f = evaluated at film temperature 
W = evaluated at wall temperature 
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Gas-solid Contact in 


Fluidized Beds 


Cc. Y. Shen and H. F. Johnstone, University of Illinois, Urbana, Illinois 


According to the concept of two-phase fluidization, a part of the gas in a 
fluidized reactor passes through the uniform dispersed solid-gas phase in the form 
of bubbles, channels, and slugs. Material transport by mixing or diffusion takes 
place at the phase boundaries. A mass transfer coefficient between the two phases 
may be used to evaluate the effectiveness of contact between the gas and solid. The 
reaction rate for the catalytic decomposition of nitrous oxide was determined in a 
fluidized bed of impregnated alumina particles and compared with the corresponding 
rate in a fixed bed. Simultaneous rate equations were established based on the 
assumption that the continuous phase is either completely unmixed or uniformly 
mixed, and the discontinuous phase passes without mixing. The effects of the 
velocity of the gas, the particle size, and the bed depth on the transfer coefficient 
were investigated. Applications to heat transfer in fluidized beds and equipment 


design are discussed. 


In a dense-phase fluidized reactor 
the gas stream may be considered 
to exist in two phases, according to 
the concept proposed by Toomey 
and Johnstone(8). The continuous 
phase comprises a uniform mix- 
ture of a part of the gas which 
supports the solid particles and 
flows through the bed at the same 
velocity as that at incipient fluid- 
ization. The excess gas which 
moves through the bed as bubbles, 
slugs, and channels is the discon- 
tinuous phase. Since the solid par- 
ticles are for the most part re- 
tained in the continuous phase, the 
reactants in the discontinuous 
phase must be transferred to the 
continuous phase before they can 
react with the solid. This concept 
provides a simple model for the 
reaction mechanism in a fluidized 
bed. In a previous paper(3) the 
part of the reaction rate above that 
at incipient fluidization was at- 
tributed to the presence of the dis- 
continuous phase and was corre- 
lated with the gas velocity and 
particle size by analogy with the 
pressure-drop relationship(8). 

Although the mechanism of the 
formation of bubbles and their be- 
havior in the fluidized bed is not 
entirely clear, the rate of transfer 
between the two phases may be 
expressed in terms of a coefficient 
which depends on such factors as 
the rate of gas flow, size of the 
particles, and depth of the bed. The 
transfer coefficient is a measure of 
the intimacy of the gas-solid con- 
tact in fluidized beds and should 
be useful in the design of fluidized 
reactors. Its value can be calcu- 
lated from data on reaction kinetics 
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in a fluidized bed by comparison 
with corresponding data for a fixed 
bed, a suitable model being used 
as a basis for establishing the 
simultaneous rate equations. The 
following models have been used 
for the present calculations. 


Consecutive Mass Transfer and Reaction 


The fluidized bed is considered 
to be comprised of two fluid phases: 
a gas-solid mixture and a pure gas 
phase, analogous to a liquid with 
gas bubbles. For a first-order re- 
action, assuming that mixing with- 
in each phase is negligible, the 
mass transfer coefficient can be 
calculated from two simultaneous 
first-order linear differential equa- 
tions obtained from a material 
balance on each phase. 


6a Va 


(2) 
where k, is the transfer coefficient 
expressed as moles per unit time 
per unit volume of bed per unit 
concentration difference between 
the two phases. This definition is 
similar to the capacity coefficient 
for an adsorption tower, which is 
characteristic of the equipment de- 
sign. k, is the first-order reaction 
rate constant. Since the velocity of 
the gas is different in the two 
phases, in order to transform Equa- 
tions (1) and (2) to distance co- 
ordinates the time of detention 
must be introduced. 


ka 


i 


(Ca —C.) (3) 
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6, k. C. 
L (4) 


The solution of Equations (3) and 
(4) is 


Re Re 
Riz 
L 
C. = Ace + Bre (6) 
where 


V 
b= ka 6a V + k. 6., 


c= ke ka 64 6. 


The arbitrary constants A,, As, By, 
and B, can be evaluated from the 
boundary conditions: 


Atz= 0, Ca = C. = Ci and 
ke 9. (7) 

Therefore, 
Page 349 


nd 
id, 
35 

br. 
). | 
d 
st. 
n. | 

| 
d, 
n. 
Ve ) 
)5 
d 
h. 
‘al 
at 
Ww 
4 
C. 
7 
l, 

dd 
= —b— b — 4e ? 
dé Re 2L 
? 
2 
g 
| 


TO STACK 


Us 


Fig. 1. Diagram of apparatus. 
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(8) 

Roz 
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| (9) 


Furthermore, from a material bal- 
ance at the outlet 


The subscripts 1 and 2 denote the 
inlet and outlet conditions, respec- 
tively. Since C./C, is measured 
directly and &, is known from 
fixed-bed studies, the value of kg 
can be calculated from Equations 
(8) to (10). 


Continuous Reactor Model 


The continuous phase is assumed 
to be equivalent to a well-stirred 
reactor of constant and uniform 
composition at a fixed gas velocity. 
When steady state exists, the 
amount of reactants flowing into 
the reactor will equal the amount 
that flow out plus those that react. 


dC. 
=0=) (Ci—C2) —Q, k, C. 


(11) 
where Q, = volume of the continu- 


ous phase = 
or 


V 
C. Kee Ve = C2) (11a) 


From Equation (1) 


ng 


k’, is the transfer coefficient for 
the continuous reactor model. 
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TABLE 1.—GAs RATES AT MINIMUM FLUIDIZATION AND INCIPIENT 
FORMATION OF TWO PHASES 


Catalyst Temperature 
size, of air, 
mesh 
165-200 800 
165-200 750 
165-200 700 
120-165 800 
120-165 750 
120-165 700 
60-120 800 
60-120 750 
60-120 7%” 


The concentration of the re- 
actants in the discontinuous phase 
at the outlet can be obtained from 
the material balance at the exit 


Caz (VC2 = C.) (13) 


The retention time in the discon- 
tinuous phase can be estimated 
from the bed expansion, 


Oa = A (L; — / (V — V.) (14) 


The value of k’, can be found from 
Equations (11) to (14) 


EXPERIMENTAL 


The reaction chosen for study was 
the catalytic decomposition of nitrous 
oxide, because the analysis is simple 
and the catalyst activity remains sub- 
stantially constant over a long period 
of time. The rate of decomposition 
was measured in fixed and fluidized 
beds in the temperature range from 
650° to 800°F. Nitrogen, air, or oxy- 
gen streams containing 1 to 2.5% 
nitrous oxide were used. 

The kinetics of the reaction are 
discussed by Schwab and coworkers 
(5 and 6). Damkohler and Delcker 
(1) studied the decomposition in fixed 
beds of cupric oxide, alumina and 
alumina impregnated with cupric 
oxide, at various flow rates in the 
region of laminar flow. The reaction 
is first order and the yield depends 
on the time of contact and not on 
the linear velocity; hence the dif- 
fusional resistance is not a control- 
ling step. 


Apparatus. A diagram of the ap- 
paratus is shown in Figure 1. The 
individual gases were passed through 
filters, pressure regulators, and flow 
meters. The reactor was 4% in. I.D. 
and 43 in. high and was made of 310 
stainless steel. One thermocouple was 
embedded in the porous stainless steel 
support plate and two others were 
mounted through the column wall in 
the fluidized bed itself. 

The reactor was heated electrically 
by chromel resistance ribbon which 
was wound in three sections around 
the reactor. The temperatures of the 
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Minimum 
fluidization rate, 
std. cu, ft./min. 


Incipient two-phase 
fluidization rate, 
std. cu. ft./min. 


0.043 0.059 
0.046 0.063 
0.049 0.068 
0.069 0.105 
0.074 0.112 
0.080 0.121 
0.107 0.149 
0.114 0.159 
0 123 0.171 


bottom and top sections were con- 
trolled manually with variable trans- 
formers, and the temperature of the 
middle section, which covered the 
entire catalyst bed, was regulated 
with an automatic controller. 

The preheater was also made of a 
section of the 4%-in. stainless steel 
tubing 30 in. long. To secure high 
rates of heat transfer, the preheater 
was heated by both internal and ex- 
ternal electric elements with variable 
inputs to keep the inlet gas at the 
desired temperature. 

Sample lines were provided beneath 
the porous plate and at the top of 
the reactor. The pressure drop across 
the catalyst bed and the pressure in- 
side the reactor were measured 
through pressure taps connected to 
manometers with %4-in. copper tub- 
ing. 


Catalyst. The catalyst was made by 
mixing 10 kg. of Aleoa XF-21-Si fluid 
cracking catalyst with 2.5 liters of 
solution containing 1 kg. of mangan- 
ous nitrate and 350 g. of bismuth 
nitrate, drying for 5 days in a steam- 
heated vacuum oven, and_ finally 
roasting at 375°C. for 48 hr. in an 
electric furnace. The catalyst was 
separated into three fractions, 165- 
200, 120-165, and 60-120 mesh. by 
standard Tyler screens. The size dis- 
tribution and composition of the cata- 
lyst are reported in a previous paper 
(3). The catalyst particles were gen- 
erally round but not truly spherical. 


Procedure. Air was used to fluidize 
the bed while the reactor was being 
heated to the desired temperature. 
After 8 to 12 hr. the reacting gas 
stream was passed into the apparatus 
and allowed to flow for 2 hr. at the 
set conditions. A sample of the exit 
gas was then taken for infrared an- 
alysis. The glass analysis cell, 
equipped with rock-salt-crystal win- 
dows, was flushed out thoroughly 
while the gas pressure was main- 
tained at 800 mm. before adjustment 
to the final conditions of 72°F. and 
745 mm. Temperatures, pressures, 
and flow rates were recorded during 
the sampling period. 


Gas Analysis. The gas was analyzed 
for nitrous oxide in a Perkin-Elmer 
double-beam infrared spectrometer 
using the base-line technique de- 
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RECIPROCAL SPACE VELOCITY, MIN. 


scribed by Wright(11). The wave 
number used was 2,180 cm.-1! 


RESULTS 


The results with air and oxygen 
as the diluent gases in the fixed- 
bed reactor at different tempera- 
tures are shown in Figure 2. The 
reciprocal space velocity shown is 
the ratio of the volume of the 
catalyst particles to the volumetric 
gas-feed rate at standard condi- 
tions. The volume of the particles 
was calculated from the weight of 
catalyst and the absolute particle 
density. 

The initial nitrous oxide con- 
centration does not affect the frac- 
tional rate of decomposition, and 
the reaction must follow a first- 
order mechanism. When nitrogen 
was used instead of air or oxygen, 
the reaction rate was_ slightly 
higher. The probable explanation 
is that oxygen decreases the num- 
ber of anion vacancies on the 
catalyst surface and thus reduces 
the activity of the catalyst(9). The 
activation energies, calculated from 
the effect of temperature accord- 
ing to the Arrhenius equation, for 
the nitrogen and air or oxygen 
series are about the same, 17 kcal./ 
g.mole. The effect of bed depth and 
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particle size on the decomposition 
rate in fixed beds is small. The 
effects of temperature, particle size, 
and bed depth on the over-all re- 
action rate in fluidized beds of the 
same catalyst, with air as the 
diluent gas, are shown in Figures 
3 and 4. The reaction rate in gen- 


late the height of the fluidized bed 
at any gas velocity. 


TRANSFER COEFFICIENTS 


The transfer coefficient between 
the two phases can be calculated 
from either of the two models pre- 
sented above, together with the re- 


<Fig. 2. Decomposition rate of 
nitrous oxide in fixed beds: 2 kg. 


catalyst, 165-200 mesh; inlet-gas 
concentration, 1% nitrous oxide. 
WwW 
70 
2 
> § 
Fig. 4. Decomposition of nitrous < ect 
oxide in fluidized beds: effect of a 
temperature and bed depth; inlet- ) 
gas composition, 1% nitrous oxide. 
4 SYMBOL °F, WT CATALYST, KG. 
800 3.0 
2 ° 800 44 
800 60 
750 3.0 
a 750 6.0 
<Fig. 3. Decomposition rate of 309 4 = pr 4 
nitrous oxide in fluidized beds: P 700 50 
inlet-gas concentration, 1% nitrous 
0.2 04 06 08 10 


eral is lower than that in fixed 
beds. 

The minimum gas rate at which 
fluidization takes place was de- 
termined from the pressure-drop 
measurements. This was taken as 
the intersection of the straight 
lines for the fixed- and fluidized- 
bed regions in the pressure-drop 
vs. gas-velocity plots. In a previ- 
ous paper(8) the relation between 
gas velocity and pressure drop was 
expressed by 


AP xe V 

AP ms Ve 
The incipient two-phase fluidiza- 
tion rate was obtained from the 
intercept of the straight line on 
the plot of AP,,/AP»;,; vs. log V. 
The results are shown in Table 1. 

The expansion of the bed during 
fluidization was measured in a 3.75- 
in. I.D., 40-in.-long glass column. 
Lewis, and Bauer(4) have shown 
that the fractional increase in 
height above that at minimum 
fluidization is proportional to the 
increase in the superficial gas 
velocity above that at incipient 
fluidization. This relationship can 
be expressed by 


= (ID,’* — m)In (15) 


(L; = 


or (u—Ur) (16) 
0.5 


D, 
This equation was used to calcu- 
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RECiPROCAL SPACE VELOCITY,MIN. 


action-rate data in the fixed and 
fluidized beds. The reaction-rate 
constant for the fixed bed does not 
change under isothermal and iso- 
baric conditions. Deviation from 
this value in the fluidized bed is 
caused by the presence of the dis- 
continuous phase, and the trans- 
fer coefficient can be calculated as 
follows: 


Consecutive Transfer and Reaction 
Steps. Since the coefficient cannot 
be expressed explicitly from Equa- 
tions (8) to (10), its value must 
be calculated by a trial-and-error 
method. A value of kz was first 
assumed and the outlet concentra- 
tion was calculated from these 
equations. The calculated result 
was then compared with the ex- 
perimental value and the value of 
kq changed until the agreement was 
good. The values of kz, found by 
this method varied over a tenfold 
range from 9.6 to 98.8 min.-! de- 
pending on the gas velocity, bed 
depth, catalyst size, and tempera- 
ture(7). 

When the catalyst size is small 
compared with the diameter of the 
reactor, dimensional analysis shows 
that the variables that affect the 
transfer coefficient can be grouped 
as follows: 
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| (17) 


In the range studied the gas 
density, 0.032 to 0.034 lb./cu-ft., 
had no noticeable effect on the 
group u/k,D,, which may be re- 
garded as a modified Peclet num- 
ber. The effects of gas velocity, 
bed depth, and particle size are 
shown in Figures 5 and 6. Since 
both the bed expansion and void 
fraction are functions of gas veloc- 
ity, the effect of bed depth on the 
value of the transfer coefficient can 
be seen from the logarithmic plot 
of u/kaD, vs. gas velocity in Fig- 
ure 5. The effect of gas velocity 
on the Peclet number increases 
with the height-diameter ratio. A 
possible explanation for this is that 
there is a greater tendency for 
channeling, or slugging, with coa- 
lescence of bubbles, which affects 
the gas-flow pattern in deep beds. 
This decreases the contact between 
the two phases and lowers the 
transfer coefficient. 

Figure 6 shows that the Peclet 
number increases with increase in 
particle size of the catalyst. The 
average value of Kk, for each series 
of runs is directly proportional to 
the bed depth and is roughly in- 
versely proportional to the parti- 
cle diameter. This indicates that 
ka is a function of the total sur- 
face area of the particles and that 
the group uwL/k,D, can be used to 
correlate all the data involving 
these variables such as tempera- 
ture, particle size, and bed depth. 
This correlation is shown in Fig- 
ure 7. 


Continuous Reactor Model. The ad- 
vantage of the continuous re- 
actor model for representing the 
fluidized system is that it is sim- 
pler to use for higher order re- 
actions and the result on a small 
unit should be useful for predict- 
ing the performance of larger re- 
actors. For the present study a 
reaction-rate constant calculated 
from the conversion rate at in- 
cipient two-phase fluidization was 
used to calculate k’, according to 
Equations (11) to (14). The modi- 
fied Peclet number for the con- 
tinuous reactor model u/k',D, is 
plotted against the Reynolds num- 
ber in Figure 8. In this case the 
data points fall along the line with 
a slope of 1.6. 

Each experimental value of ky 
and k’, was obtained from an 
average of two or three runs to 
minimize the fluctuations caused 
by the unsteadiness of the bed, 
since a slight error in the outlet 
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Fig. 5. Effect of bed depth on modi- 
fied Peclet number: catalyst size, 
165-200 mesh. 
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Fig. 7. Correlation of transfer co- 
efficients based on model for consecu- 
tive transfer and reaction. 


concentration was sufficient to in- 
troduce a large error in the calcu- 
lated transfer coefficient. In a few 
cases, especially at low tempera- 
tures, nitrous ‘ de decomposed in 
the fluidized } at high gas veloc- 
ities was ap’ ently less than that 
at incipien .uidization, and the 
transfer cvefficient could not be 
calculated. 


DISCUSSION 


Although either the consecutive 
transfer model or the continuous 
reactor model can be used for 
higher order catalytic or homo- 
geneous reactions, the difficulty in 
using the former lies in the fact 
that the differential equations be- 
come nonlinear. The boundary con- 
ditions are known at one end, 
however, and a solution of the 
equations can be obtained by a 
digital computer or by a series 
solution(7). Since the transfer co- 
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Fig. 6. Effect of particle size on 
modified Peclet number. 


Fig. 8. Correlation of transfer co- 
efficients based on continuous-reactor 
models. 


efficient does not depend on the 
reaction order, the value obtained 
from a first-order reaction should 
hold for the higher order reactions. 

The models and concepts de- 
veloped for reactions in the fluid- 
ized reactor can be applied to heat 
and mass transfer processes. Ex- 
perimental measurements of the 
rate of heat and mass transfer 
between gas and solid particles in 
fluidized beds are difficult to make 
since shallow beds must be used 
because of the high values of the 
coefficients. Such fluidized beds be- 
have entirely differently from those 
used for dense-phase fluidization. 
Wamsley and Johanson(10) used a 
transient heating method with beds 
less than 3 in. deep to determine 
the heat transfer coefficient be- 
tween fluidized solids and gas. 
Their results have been recalcu- 
lated on the basis of consecutive 
transfer stops according to the 
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TABLE 2.—HEAT TRANSFER COEFFICIENTS CALCULATED FROM DATA 
OF WAMSLEY AND JOHANSON (10) 


Inlet Outlet 
temp., Time, temp., 


a. 100-115 mesh 


GA12 137.0 903 119.9 94.1 
GA21 137.9 65.0 122.3 98.3 
GAl4 142.1 58.6 128.6 110.2 
GA17 138.7 62.8 126.3 113.2 


b. 60-65 mesh 


GA18 138.7 62.2 119.9 101.0 
GA10 140.8 48.9 124.3 107.1 
GA13 139.9 47.5 124.3 109.8 
GA20 139.0 48.3 126.3 114.0 


c. 32-35 mesh 


GA11 137.2 32.8 113.6 99.8 
GAI16 141.8 44.5 124.3 113.9 
GA15 139.0 37.8 122.3 111.4 
GA19 139.4 33.4 122.3 114.5 


two-phase theory. 

From a heat balance the rate of 
change of temperature of the gas 
with distance through the bed is 
given by 


— — A aha (Ta — 
(18) 
— We Crs = Wa + 


hea A (Te — T>) (19) 


The time required to bring the 
temperature of the solid to equilib- 
rium with the gas is very short, 
as indicated by the experimental 
results of Johnstone, Pigford, and 
Chapin(2) on heat transfer to 
clouds of particles. It may be as- 
sumed, therefore, that the tem- 
perature of the gas in the con- 
tinuous phase is essentially equal 
to the particle temperature = 
This is equivalent to saying that 
the heat transfer coefficient h, be- 
tween particle and gas approaches 
infinity. The solid particles have 
a much higher heat capacity than 
the gas and they mix rapidly; thus 
the temperature of the solid may 
be assumed to constant 
throughout the bed. With these as- 
sumptions, the coefficient hg can 
be obtained from the following 
equations. 


ha = In (20) 
w We 
Tae Wa Wa (21) 


hg “a 

B.t.u. B.t.u. 

(hr.) (°F.) (sq.ft.), (hr.) °F.) (sq. ft.), 
Nre obs. calc. 
1.12 0.0056 0.0292 
1.86 0.0107 0.0276 
2.68 0.0215 0.0267 
3.34 0.0348 0.0260 
2.93 0.0185 0.0251 
4.25 0.0326 0.0240 
5.37 0.0523 0.0235 
6.43 0.0621 0.0229 
8.97 0.0197 0.0248 
11.31 0.0525 0.0230 
13.25 0.0797 0.0228 
16.08 0.1850 0.0223 

= “we Ww C> (T1 
T2) d 0 (22) 


The inlet temperature JT, is the 
corrected value after adjustment 
for the heat losses, as suggested 
by Wamsley and Johanson. The 
temperature of the particles was 
calculated from Equation (22) by 
graphical integration of the pub- 
lished data. The time § was chosen 
as that at the middle of a run. 
The values calculated for hg are 
listed in Table 2. 

When heat or mass is trans- 
ferred by means of fluid motion 
near the boundary of the two 
phases, the same mechanism con- 
trols both processes. Therefore, it 
is reasonable to assume that the 
rate of heat transfer under a tem- 
perature gradient and the rate of 
mass transfer under a concentra- 
tion gradient can be correlated by 
the following equation: 


ha =" a A ka (23) 


where 8 is a proportionality con- 
stant nearly equal to unity. The 
value of the group ¢,¢,k,/aA, in 
which kz is determined from Fig- 
ure 7 by extrapolation, is also 
listed in Table 2. 

It is to be noted that hq in- 
creases with the gas velocity (it 
is proportional to w!-6); whereas 
k, is affected only slightly by veloc- 
ity. For the smaller particle sizes, 
110-115 and 60-65 mesh, the value 
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of h, follows a similar inverse 
function of the particle diameter, 
as shown for ky, in Figure 6, but 
this is not true for the series of 
32-35 mesh size at low velocities. 
These differences may be due to 
an error in the assumption of uni- 
form temperature of the solid par- 
ticles. The large dependence of 
hq on velocity may also be a result 
of using very shallow beds. The 
agreement of the calculated data 
with the experimental results, how- 
ever, is sufficient to show that the 
concepts of the fluidized bed are 
useful and approximately correct. 
Thus the rate of heat transfer be- 
tween the two phases is the rate- 
determining step. In practice a 
greater rate of heat transfer be- 
tween the gas and particles will 
be obtained with smaller particles, 
but more of the gas will pass 
through the bed as the discontinu- 
ous phase. Thus there is a particle 
size at which the over-all rate of 
transfer is maximum. The optimum 
size will also depend on other fac- 
tors such as the fluidization rate, 
reaction rate, heat transfer from 
the wall, etc., which affect eco- 
nomical considerations. 


CONCLUSIONS 


A fluidized catalyst bed may be 
considered to be composed of two 
phases, a continuous phase and a 
discontinuous phase. In the con- 
tinuous phase the particles are 
supported by the gas stream mov- 
ing at the same velocity as that at 
incipient fluidization. In the dis- 
continuous phase the excess gas 
moves through the bed in the form 
of bubbles, slugs, or channels. In 
the presence of the discontinuous 
phase the reactant, for the most 
part, must be transferred to the 
continuous phase before reaction 
can occur. The increase of the 
over-all reaction rate above that 
at incipient two-phase fluidization 
may be attributed to the effect of 
gas velocity on the mass transfer 
between the two phases. 

From measurements of the cata- 
lytic decomposition rate of nitrous 
oxide, on the assumption that both 
phases are unmixed, the transfer 
coefficient was found to be inverse- 
ly proportional to the particle size. 
The effect of gas velocity on the 
transfer coefficient depends very 
much on the bed depth. The trans- 
fer coefficients were also calculated 
from published data on heat trans- 
fer. The approximate agreement 
between the calculated and _ ob- 
served values shows that the pro- 
posed model is sound. 


Page 353 


| 
on 
or 
he 
ed 
ld 
1S. 
e- 
d- 
at 
X- 
S 
er 
ad 
e 
e- 
se 
n. 
a 
18 
e 
e- 
s. 
e 
5 Vol. 1, No. 3 


Since the total rate of conversion 
in a fluidized reactor depends on 
the transfer rate and the reaction 
rate in the continuous phase, the 
rate-determining step evidently de- 
pends on the relative magnitude 
of these rate coefficients. Measure- 
ment of the transfer coefficient 
should enable design calculations 
and evaluation of the optimum con- 
ditions to be made from fixed-bed 
studies. 


NOTATION 


a= surface area of particles per 
unit volume, sq.ft/cu.ft. 

A=a constant; area of the re- 
actor, sq.ft. 

B=a constant 

C = concentration, moles/cu.ft. 

C, = specific heat of gas, B.t.u./ 
(b.) (°F.) 

C, = specific heat of solid, B.t.u./ 
Gb.) CE.) 

D, = particle diameter, ft. 

D, = reactor diameter, ft. 

h = heat transfer coefficient, B.t.u. 

ka=transfer coefficient for con- 
secutive model, min.-1 

k’, =transfer coefficient for con- 
tinuous model, min.-} 

k, = first-order reaction-rate con- 
stant, min.-1 


L = height of bed, ft. 

l, m = constants 

AP ny = pressure drop at minimum 
fluidization, in. of water 

AP;., = pressure drop above AP,,,, 
caused by kinetic energy 
losses, in. of water 

Nae = Reynolds number, 
dimensionless 

Q = volume of bed, cu.ft. 

T = temperature, °F. 

w= linear gas velocity, ft./sec. 

V = volumetric gas velocity, cu.ft./ 
min. 

w-==mass rate of flow of gas, 
Ib./hr. 

z= length coordinate, ft. 


Greek Letters 


8 = constant 

porosity 

§ = time, min. 

uv. = viscosity, lb./ (ft.) (sec.) 
= density, lb./cu.ft. 


Subscripts 


1 = inlet condition 

2 = outlet condition 

c= continuous phase 

d = discontinuous phase 
f = fluidization condition 
g = gas 

s = solid 


Prediction of Ternary Vapor-liquid Equilibria 


from Boiling-point Data 


A knowledge of ternary vapor- 
liquid equilibrium relations is in- 
dispensable to the design of col- 
umns for ternary rectification as 
well as azeotropic and extractive 
distillations. To determine these 
relations experimentally requires 
very involved analyses. It is, there- 
fore, highly desirable to estimate 
ternary equilibrium relations with- 
out those analyses and, better still, 
without experimentation. 

Attempts have been made to pre- 
dict the ternary vapor-liquid equi- 
libria on the theoretical basis of 
thermodynamic relations among 
activity coefficients of three com- 
ponents and by use of three binary 
equilibrium relations available for 
three combinations of components 
from Carlson and Colburn (3), Bene- 
dict, Johnson, Solomon, and Rubin 
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v = incipient two-phase fluidiza- 
tion 
mf = minimum fluidization 
ke = kinetic energy 
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(1), Colburn and Schoenborn(4), 
White(20), Wohl(21), Redlich and 
Kister(16), and Edwards, Hash- 
mall, Gilmont, and Othmer(6). 
Some of these give good estima- 
tions for certain ternary systems 
but fail in other systems or are 
laborious to calculate accurately. 
Scheibel and Friedland(17) pro- 
posed an empirical method which 
gives good agreement with many 
observed data; however, it is lack- 
ing in theoretical background and 
requires different procedures of 
calculation for different types of 
ternary systems concerned. 
Othmer, Ricciardi and Thaker 
(15) derived a fundamental ther- 
modynamic equation for ternary 
systems and used it for checking 
the vapor-liquid equilibrium data 
available for a ternary system. 
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PREDICTION FROM TEMPER- 
ATURE-COMPOSITION DATA 
A method is here presented for 

estimating vapor compositions at 
constant-pressure equilibrium from 
boiling-point data of ternary sys- 
tems. This method requires the 
boiling-point-composition data of 
the system, but the experimental 
procedures for determining boiling 
points of definite ternary liquid 
mixtures are generally much sim- 
pler than those required for de- 
termining entire vapor composi- 
tions of the system. 

The method offered for ternary 
systems is a natural extension of 
the method for binary systems de- 
veloped by the author(8) and 
Othmer, Ricciardi, and Thaker (15). 
It is based on the linear property 
of the equilibrium relations when 
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plotted against Y (for acetone), the 
liquid compositions of methyl] iso- 
butyl ketone being taken as param- 
eters. The present author ex- 
amined this linear property of X-Y 
curves for various ternary systems 
available in the literature and 
found that in plotting X-Y curves 
it is more convenient to take the 
ratios of liquid compositions of 
two components as parameters 


0 10 20 
WATER(4) 


MOLE % ACETONE IN LIQUID 


6070 80. 40100 
ACETONE 


Fig. 1. Triangular diagram of ternary boiling point for the 
system acetone (1)-—methanol (2)-—water (3). 


they are represented by X-Y curves, 
X = x/(1-x) vs. Y = y/(1-y), on 
logarithmic paper. 

Othmer et al.(15) suggested that 
ternary systems, such as acetone— 
chloroform—methyl isobutyl ketone, 
can also be represented as straight 
lines on logarithmic paper when X 
(for acetone, for example) is 


© BINARY 
* TERNARY J} x = 


@ BINARY ! Xi2 = CONST 


x TERNARY? 
Xz 


ACETONE ~ METHANOL ~ WATER 
ap (2) (3) 


BOILING POINT 


16459) 


Fig. 2. Plot of boiling point, °C., vs. 

mole fraction in liquid x for the sys- 

tem acetone (1)-methanol (2)- 
water (3). 
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rather than the liquid compositions 
of one component. This manner of 
indicating parameters for’ the 
ternary equilibria was introduced 
by Colburn and Schoenborn(4) in 
the relation of activity coefficients 
and liquid compositions. They used 
as parameters the relative com- 
positions of secondary components 


instead of the ratios of them, but 
both are essentially the same. 


PREDICTION OF TERNARY 
SYSTEMS 


The calculation procedures of the 
present method for ternary sys- 
tems are similar to those for binary 
systems except for some modifica- 
tions due to the nature of the 
ternary system. The entire ternary 
equilibrium relation may be esti- 
mated and determined by the steps 
given below. 

1. Plot available ternary-boiling- 
point data on a triangular diagram 
and draw smoothed lines for the con- 
stant value of the boiling point, as 
shown in Figure 1. The system of 
acetone-methanol-water examined by 
Uchida, Ogawa, and Hirata(19) is 
used as an example. 

2. Plot the boiling point against 
the liquid composition of any com- 
ponent (preferably the lowest or 
highest boiling component) along a 
line on the ternary diagram at a 
constant ratio of mole fractions of 
the other two components. Thus the 
values of the boiling point are plotted 
against x, (in this example, mole 
fraction of acetone) for a constant 
value of X,5, as in Figure 2, where 
Xo, is equal to 1, 4, and 14. These 
values of X., indicate in Figure 1 
a series of straight lines passing 
through the corner of component 1 
(acetone). 

A striking observation in Figure 
2 is that some boiling-point curves 
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curves calculated for the system acetone (1)- 


methanol (2)—water (3). 
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cross the limiting curves for binary 
systems. In such cases it is obvious 
that a linear interpolation would be 
greatly in error. 

8. Calculate and determine X,-Y, 
curves as shown in Figure 3 by using 
the boiling-point curves of Figure 2 
for X,,=1, 4, 14, ete., and by fol- 
lowing the same steps developed for 
binary systems [cf. Othmer et al. 
(15) or Hirata(8 and 10)]. In these 
calculations, however, it is usually 
difficult to find or estimate the latent 
heat of vaporization of ternary solu- 
tions, },, which appears in the term 
f(T) ; that is, 


The author proposes here the follow- 
ing approximation for ternary sys- 
tems: 


(1) = dix j app 


where }.3/RT is the value of ),/RT 
for the binary mixture of component 
2 and component 3 at the definite 
value of X., and may be estimated 
from binary data. 

4. Transform X,-Y, curves into 
%4-y, curves, as shown in Figure 4. 
Plot the values of vapor composition 
y, on a ternary diagram and draw 
lines for the constant value of yj. 
(See Figure 5.) 

5. Calculate and determine 
curves or X,-Y, curves for another 
set of lines, X,, = constant or 
constant, by the procedure explained 
above. Draw lines for the constant 
value of yy or Ys. 

6. The constant y, lines first ob- 
tained, together with the constant 
Yo or Ys lines determined, define the 
whole vapor-liquid equilibria of the 
ternary system, as in Figure 5, for 
the system acetone-methanol-water. 

The result calculated by these 
procedures is compared with the 
observed data of Othmer, Fried- 
land, and Scheibel(14) in Figure 


10 


& 

\ 

\ 
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\\ \ 


Fig. 4. Ternary «-y curves calculated 
for the system acetone (1)—methanol 
(2)-water (3). 
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5 and shows fairly good agreement. 
The method was applied to other 
systems available, such as acetone— 
chloroform—methy] isobutyl ketone 
(11), methyl ethyl ketone heptane— 
toluene(18), ethyl acetate—ethanol— 
water(7), carbon  tetrachloride— 
ethanol—benzene(2), ethanol-ben- 


zene-water(31), and _ isooctane- 
toluene -phenol(5). Comparisons 


between calculated and observed 
data show good agreement for the 
first three systems, but for the lat- 
ter three systems, mainly owing to 
the incompleteness of boiling-point 
data, good agreements are local. 


MATHEMATICAL PREDICTION OF 
VAPOR COMPOSITIONS 
As indicated in steps 5 and 6, 


vox, X1 + 25) (12) 


(1) 


two sets of X-Y curves must be 
calculated to determine all the 
ternary equilibria by the method 
presented above. If, therefore, only 
X,-Y, curves are determined, only 
y, and yo+ys, have been found, 
Yo and ys separately are not yet 
known. In such a case the following 
mathematical method may be used 


METHANOL (2) 
100 


IN LIQUID 


ETHANOL 


M 


MOLE 


(1) 
ACETONE ~ METHANOL~ WATER 


instead of calculating another set 
of X.-Y. or X3-Y3, though it re- 
quires much more laborious calcu- 
lations. This mathematical method 
is useful especially when boiling 
points are measured only along 
lines such as Xo3 = constant on a 
triangular diagram. 


For ternary systems the funda- 
mental thermodynamic equation 
may be expressed as follows(15), 
if x, is chosen as the independent 
variable: 


m dt, yo dt ys da 


(2 


For a constant value of X., this 
relation becomes 


(in = (Xo3+1) 


a diny ) 


Equation (3) is thermodynamically 
rigorous and represents the rela- 
tion between vapor and liquid com- 
positions for a constant value of 


(2) (4) 
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Fig. 5. Comparison between calculated and observed vapor-liquid—equilibrium 
data for the system acetone (1)—methanol (2)—water (3). 
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TABLE 1.—CALCULATIONS FOR THE SYSTEM ACETONE (1)— 
METHANOL (2)—WATER (3). (Xo3= %4) 


Yy £,°C. 
0.05 0.286 74.0 
1 412 69.8 
2 545 65.1 
A .667 61.1 
6 -750 58.9 
8 857 57.2 
06 08 ) 
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Fig. 6. Determination of ternary 


vapor compositions for the system 
acetone (1)—methanol (2)—water (3). 


Xo,. Integrating and rearranging 
result in the following relation: 


X23 X93 
log yo = (io Yy2 
T1=0 


and 
| 
1 | dx} 
dy: 
(6) 


If Equation (1) is substituted in 
Equation (5), the integration may 
be simplified as follows: 


S; = approx aT 


Ys Ya 
0.266 0.38 0.334 
-216 30 .288 
.170 -205 .250 
121 13 -203 
.077 .095 155 
.034 .06 .083 


By use of the aforementioned 
method of estimating the relation 
Y, VS. 21, the relation T vs. x, being 
known for a constant value of Xos, 
the integrations of S,; and S. are 
carried out numerically and the 
term Yo"*y. may be determined 
as a function of x,, say F(x,). This 
function, together with the equa- 
tion yo + Y3 = 1-y,, determines the 
vapor compositions y. and for 
the definite value of x,. Therefore 
the intercepts of these lines de- 
termine ys and yz at the same time. 

An illustrative example is given 
in Table 1 and Figure 6 for the 
system acetone (1) -methanol (2) 
-water (3). The agreement with 
the observed data(14) is fairly 
good. 


CONCLUSION 

The method of predicting vapor- 
liquid equilibrium relations from 
boiling-point data for binary sys- 
tems can be used with slight 
modifications for ternary systems, 
for which it is particularly useful, 
as only the boiling-point-composi- 
tion data are needed to determine 
the entire vapor-liquid equilibrium 
relation. 

The method may be used also 
to check the available ternary 
equilibrium data. 
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NOTATION 

f(T)=function defined in Equa- 
tions (1) and (2) 

R= gas constant 

T = absolute boiling point of ter- 
nary solution 

T, = absolute boiling point of com- 
ponent 1 

To. = absolute boiling point of bi- 
nary mixture of components 
2 and 3, ratio of their com- 
positions being Xoz 

x=mole fraction of component 
in liquid 

x; = mole fraction of component i 
in liquid 

X = 2/(1—2) 
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X; = (1—a,) 
Xj; = x,/x;, ratio of compositions of 
components i and j 
y=mole fraction of component 


in vapor 

Y;= mole fraction of component 7 
in vapor 

Y = y/(1—-y) 


Y;= 
h» = molal latent heat of vaporiza- 
tion of solution 

2, = molal latent heat of vaporiza- 
tion of component 1 

dog = molal latent heat of vaporiza- 
tion of binary mixture of 
components 2 and 3, ratio of 
their composition being Xos 

Subscripts 1, 2, and 3 refer to com- 

ponents 1, 2, and 3 respectively 
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Analysis of Gas-fluidized Solid Systems 
by X-ray Absorption 


E. W. Grohse 


General Electric Company, Schenectady, New York 


X-ray absorption is presented as a unique tool for the study of the fundamentals 
of gas fluidization. For example, bed-density profiles, valuable indexes of the quality 
of fluidization, are readily determined by means of X-ray absorption. No internal 
probes, to interfere with the normal action within a fluidized bed, are involved. 

As an initial application of X-ray absorption to fluidization, the results of a study 
of the effect of mode of distribution of gas to a fluidized bed are presented. The 
importance of this variable, only superficially discussed in previous literature, is 
clearly shown by these results. Application of X-ray absorption to other chemical 
engineering operations is readily conceivable. 


Although a considerable number 
of experimental investigations of 
gas-fluidized solid systems have 
been reported during the past 5 
years or so, with notable excep- 
tions these have been confined to 
the study of gross phenomena of 
fluidization. For example, over-all 
bed expansions and over-all co- 
efficients of heat transfer between 
fluidized beds and confining sur- 
faces have been rather profusely 
reported. On the other hand, very 
little study of local phenomena 
within fluidized beds has been re- 
ported. Furthermore, very little 
disclosure has appeared in the 
literature of the important effects 
of certain variables, such as mode 
of gas distribution to a bed of 
solids, upon the quality of fluidiza- 
tion produced. 

A major deterrent in the ad- 
vancement of fundamental knowl- 
edge in fluidization is presented by 
the lack of a reliable, comprehen- 
sive index of the quality of fluidiza- 
tion occurring in a given appa- 
ratus. Several indexes of quality 
of fluidization have been proposed 
(2, 8, 10), but none of these appear 
adequate for general use. Of those 
already proposed, the index of 
Morse and Ballou(8) holds the 
most promise, as its calculation is 
based upon the measurement of 
local phenomena within a fluidized 
bed. The correlation of this index, 
or of the measurements involved, 
with simultaneous measurements 
of heat and/or mass transfer be- 
tween the fluidized solids and the 
fluidizing gas would be expected to 
lead to a superior, more nearly 
complete, index of the quality of 
performance of a fluidized bed. 
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This paper represents the initial 
report of a continuing investiga- 
tion, the main goals of which are 
(1) development of fundamental 
information on the operation of 
gas-fluidized beds of solids, (2) 
study of the effects upon fluidiza- 
tion of variables which heretofore 
have been inadequately investi- 
gated, or not at all, and (3) ulti- 
mate development of a reliable, 
comprehensive index of the quality 
of performance of gas-fluidized 
beds. 

In this paper is presented the 
use of X-ray absorption as a quan- 
titative tool for the study of local 
phenomena within fluidized as well 
as static beds. For example, local 
bed densities, as well as fluctua- 
tions thereof, at any level of a 
fluidized (or static) bed of solids 
are readily determined by means 
of X-ray absorption. As a specific 
illustration of the utility of this 
tool, the results of a study of the 
importance of the mode of distri- 
bution of gas to a fluidized bed are 
presented. 

In the use of X-ray absorption 
there are no internal probes to 
interfere physically with the nor- 
mal action within a fluidized bed, 
or to be affected by detrimental in- 
ternal conditions such as high tem- 
perature and corrosion. Applica- 
tion of X-ray absorption is not re- 
stricted to materials of low elec- 
tric conductivity, as, for example, 
in the case of the capacitometric 
technique of Morse and Ballou. By 
means of special features which 
were specifically designed into the 
X-ray equipment employed in the 
present study, semiquantitative in- 
terpretation of the data obtained 
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can be made almost instantly 
(which is especially useful in ex- 
ploratory experimentation), and 
thorough interpretation of data 
can be effected much more rapidly 
than would be otherwise possible. 

The application of xX (or 
gamma)-ray absorption to other 
chemical engineering studies, such 
as, studies of liquid holdup and 
flooding in packed and wetted-wall 
columns, entrainment studies, etc., 
is readily conceivable. 


ELEMENTS OF X-RAY 
ABSORPTION* 


X-ray absorption has been en- 
ployed qualitatively and semiquan- 
titatively for the X-ray examina- 
tion of the human body, for the 
location of structural imperfections 
in equipment, etc., since shortly 
after the discovery of X-rays by 
Roentgen in 1895. The use of ¥ 
rays for these purposes was great 
ly stimulated by the invention o 
the modern X-ray tube by Coolidg: 
in 1913. Quantitative applications 
of X-ray absorption, however, be- 
came prevalent only about 10 years 
ago, when for the first time con- 
venient, precise measurement of 
X-ray intensities was made possi- 
ble by the development of the 
phosphor-activated multiplier pho- 
totube(7 and 11). The latter is the 
basis of the most sensitive device 
generally available today for the 
measurement of X rays and simi- 
lar high-energy radiation, the scin- 
tillation counter. 

Following the development of 
these convenient, precise instru- 


*The principles discussed here also apply for 
the most part to the absorption of gamma rays. 
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Fig. 1. Schematic diagram for X-ray absorption. 


ments for the measurement of 
radiation, extensive applications of 
X-ray absorption for chemical 
analysis were made (4, 5, 6, 9, 12, 
17, and 18). Indeed, the techniques 
proposed here for the study of 
fluidization were developed from 
many preliminary experiments car- 
ried out with the X-ray photometer 
employed by Smith, Tanis, Liebhaf- 
sky, and Winslow in their pioneer- 
ing quantitative absorption studies 
(5 and 11). 

The outstanding characteristic 
of X rays, from which others de- 
rive, is their high energy, or short 
wave length. Because of this char- 
acteristic, the absorption of X rays 
usually involves only electrons near 
the atomic nucleus. (The absorp- 
tion of ultraviolet, visible, or in- 
frared radiation, on the other hand, 
affects the outer, or valence, elec- 
trons, which determine the chemi- 
cal properties of the elements in- 
volved.) X-ray absorption, there- 
fore, which is essentially a process 
for counting the number, and indi- 
cating the kind, of atoms by which 
the radiation is being absorbed, is 
virtually independent of the chemi- 
cal or physical state of the atoms. 
An oxygen atom per se, for ex- 
ample, will show essentially the 
same absorption in oxygen gas and 
in ice, water, steam, and sand. 

The absorption of essentially 
parallel, monochromatic X rays by 
a homogeneous material of density 
9 and thickness J is described by 
Lambert’s law: 


(1) 


or 


In = nI —InI, = —pnmpl 
(1a) 


where J, and I denote the intensi- 
ties of the incident and trans- 
mitted radiation, respectively, and 
denotes the mass absorption co- 
efficient of the absorbent. In the 
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application of Equation (1) to a 
fluidized bed, 1 becomes the inside 
diameter of the column and ¢ the 
bulk density of the bed, the vari- 
able under study. 

The mass absorption coefficient, 
Um, for a given element is inde- 
pendent of the physical state and 
for chemical compounds is in the 
first approximation additive from 
the mass coefficients of the constit- 
uent elements. For elements, uz, 
depends only upon the wave length 
of radiation involved; moreover, 
this dependency is much less com- 
plex than for the absorption of 
radiations of low energy. In the 
regions of continuous absorption 
(1) most commonly encountered in 
quantitative X-ray absorption 
studies, u,, varies in accordance 
with the following approximate re- 
lationship (11a): 


= NCZ' (2) 


where N is Avogadro’s number, C 
is approximately constant in wave- 
length ranges between adjacent 
critical absorption wave lengths or 
“absorption edges,” Z is the atomic 
number, A the atomic weight, and 
i the wave length in Angstrom 
units. 

In practice polychromatic X-ray 
beams are much more frequently 
employed than monochromatic 
beams, because they are easier to 
produce. Equation (1) applies rig- 
orously only to individual mono- 
chromatic components of a poly- 
chromatic beam, and so for an 
entire polychromatic beam, use of 
an integral form of Equation (1) 
is theoretically required. Fortu- 
nately, however, for many practi- 
cal cases in which polychromatic 
X radiation is employed, the direct 
application of Equation (1) serves 
adequately over the limited ranges 
of conditions usually encountered. 


PRINCIPLES OF X-RAY ABSORP- 
TION APPLIED TO A FLUIDIZED 
BED 


A Pyrex-walled fluidization col- 
umn was employed in the present 
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study (Figure 3), a simplified rep- 
resentation of which is given in 
Figure 1. Zone A represents the 
walls of the column, and zone B 
the fluidized (or static) bed. Ab- 
sorption of the primary radiation 
by air or by the fluidizing gas is 
negligible, and consideration of 
other constant absorbing mediums, 
such as the protective enclosure of 
the scintillation crystal, can be in- 
cluded with that of the column 
walls in zone A. For precise work 
the X-ray beam reaching the phos- 
phor must not be too divergent; 
otherwise different portions of the 
beam will have penetrated different 
thicknesses of the material.* The 
area of the phosphor should be 
sufficient to intercept all direct un- 
absorbed primary radiation, but 
not so large as to intercept much 
scattered and background radia- 
tion. 


Applying Equation (1a) to zones 
A and B results in 


—InI = pd pals 


I 


InJ — In TI, = Um 


InI, —InI, un pala + um 


Il 


"cell constant” + 
Um pals (3) 


If two different absorbers, B and 
C (e.g., a fluidized or static bed 
and a standard thickness of pure 
aluminum, respectively) produce 
identical attenuation of a given 
incident beam (i.e., J, as well as I, 
are the same for both cases), the 
densities and thicknesses of the 
two absorbers are related by means 
of Equation (3) as follows: 


un pple = um pole (4) 


Cc 
pp = - 


B B 
Um 
c 
Kw... (4b) 
B lp 
K = (4e) 


*For purpose of eee of the present 
discussion, it is assumed that on a time-average 
basis, the small localized volume of a fluidized 
bed (or static bed) under examination at a 
given time is effectively homogeneous: i.e., it is 
uniformly fluidized (or uniformly packed). 
This in no way precludes the possibility of 
gross instantaneous variations in bed densities 
within a column, as illustrated in later sec- 
tions of this paper. 


Page 359 


Ip 
i 
= 
ty 
ex- 
ata 
dly 
ole. 
(or 
er 
ch 
nd 
all 
en- 
aAn- 
a- 
he 
yng 
tly 
by 
x 
0 
| 
ns 
W's 
yn- 
si- 
he | 
o- = 
he 
ice 
he 
i- 
in- 
u- 
5 


Fig. 2. Over-all view of fluidization apparatus including 
X-ray photometer. 


Equation (4a) is the basic equa- 
tion employed in this study for the 
determination of local bed densi- 
ties. For this purpose, 1, becomes 
the thickness of calibration stand- 
ard (aluminum) which will pro- 
duce identical attenuation of the 
incident beam as produced by a 
localized volume of bed of bulk 
density, o,. The quantity l, be- 
comes the inside diameter of the 
column. 

When, as in the present study, 
polychromatic radiation is em- 
ployed, and comparisens between 
the absorption of X rays by the 
“unknown” and standard materials, 
respectively, cannot be made under 
geometrically identical conditions, 
it is preferable to determine K 
empirically, by the use of Equa- 
tion (4c), on standard densities of 
the actual materials contained in 
the actual vessel to be employed in 
the investigation proper (silicon 


Fig. 3. Close-up of fluidization column 
showing X-ray source and detection 
probe. 
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rates, which adequately covers the 
ranges of fluidized- as well as fixed- 
bed operation. Five Meriam well-type 
manometers measure various pressure 
differentials, including those pro- 
duced by the gas distributor, the 
entire bed, 6-in. sections of the bed, 
and the cyclone-filter system employed 
for the collection of entrained fines. 
A multiple flange arrangement at 
the bottom of the column permits 
easy changeover of the gas distributor 
as well as of the charge of solids, 
With the flange and pressure-tap 
arrangement employed, the bottom %4 
in. of the bed is excluded in the 
measurement of bed pressure dif- 
ferentials and included in the meas- 
urement of distributor pressure dif- 
ferentials. 

Carryover of solids into manom- 
eter lines is effectively prevented 
by the use of short lengths of ordi- 
nary pipe cleaners and/or glass wool 


TYPE A TYPE B TYPE C 
(MULTI- ORIFICE) (SCREEN) (POROUS PLATE) 
AE 
ig: IN SHEET METAL PLATE 300-MESH SCREEN SUPPORT- +-IN SINTERED METAL PLATE 


ONE 0.052-IN DRILLED HOLE 
PER SQUARE INCH OF BED 
CROSS SECTION 

PITCH 


ED ON 0.01I7-IN. PERFORATED 
METAL CONTAINING 24 0.02I- 
IN. HOLES PER INCH ON 60° 


8 
MEAN PORE OPENING IS 


APPROXIMATELY 20 MICRONS 
(0.0008 IN) 


Fig. 4. Gas distributors. 


in the Pyrex fluidization column in 
the present case). In this case 
standard densities must be known 
or measurable by means other than 
X-ray absorption. The application 
of Equation (4a), including the de- 
termination of K values, is dis- 
cussed later. 

When absorption comparisons 
can be made under geometrically 
identical conditions, it is frequent- 
ly possible to avoid empirical cali- 
brations through the use of pub- 
lished values of mass absorption 
coefficients of the elements involved 
(1 and 16). 


APPARATUS 


An over-all view of the experi- 
mental setup is given in Figure 2. 
The fluidization apparatus proper is 
relatively conventional, although de- 
signed for maximum versatility. The 
column proper is Pyrex glass, 3.33 
in. I.D. This diameter was considered 
to be about the minimum required in 
order to avoid excessive “wall effects” 
and about the maximum with which 
precise density measurements could 
be made with relatively low-energy 
X rays. A bank of five Flowrators 
provides a 30,000-fold range of gas 
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inserted in the pressure taps. This 
proved much more satisfactory than 
the use of “blow-back” devices, which 
were initially tried. 

The unique feature of the present 
study is the use of the X-ray absorp- 
tion techniques already discussed. Al- 
though believed to be widely applica- 
ble to other problems, components of 
the X-ray photometer employed were 
specifically designed or selected for 
the study of fluidization. By means 
of this photometer, therefore, the 
action within a fluidized bed can be 
interpreted in a semiquantitative man- 
ner, at least, almost instantly. This 
is an important advantage in explora- 
tory experimentation. Also, because 
of the special design features incor- 
porated into the photometer, thorough 
interpretation of experimental data 
can be effected much more rapidly 
than would be otherwise possible. 

The X-ray source consists of stand- 
ard components of the General Elec- 
tric XRD-3D X-ray diffraction unit 
with a Machlett AEG-50T tungsten 
target X-ray tube. The detection 
equipment consists of a modification 
of the rate meter in a standard Gen- 
eral Electric SPG X-ray detector, fed 
by a General Electric scintillation 
probe. The rate-meter response is 
logarithmic over most of its range 
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of sensitivity; hence, in accordance 
with Equation (la), the recorder 
reading varies approximately linear- 
ly with the local bed density being 
measured. For the purpose of de- 
termining instantaneous as well as 
time-averaged local bed densities, 
rate-meter time constants ranging 
from 0.01 to 30 sec. may be employed 
(ef. Figure 8). X-ray intensities are 
recorded on a General Electric fast- 
response photoelectric recorder. De- 
tails and further discussion of this 
equipment are given in the Appen- 
dix.* 

The X-ray tube and radiation probe 
are mounted on a _ crank-operated, 
counterweighted carriage, which can 
be moved up and down the fluidiza- 
tion column. In this way vertical 
density traverses of the bed can be 
made very quickly. The X-ray tube 
and radiation probe can also be ro- 
tated about a vertical axis, by means 
of which horizontal traverses can be 
made. Figure 3 shows a close-up of 
the movable X-ray assembly. 


60. TYPE A-MULTIORIFICE DISTRIBUTOR TYPE 


OVERALL 
BED 40; 
EXPANSION 
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To 
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HEIGHT) 


PRESSURE DIFFERENTIALS 4 


PRESSURE 
OROP, 
INCHES “OF 
SILICONE if 


OL 
(6-097) | gs 
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SCREEN DISTRIBUTOR 


BEO EXPANSION 


| PRESSURE DIFFERENTIALS 


several minutes, then allowed to set- 
tle by gradual shutoff of the air flow 
over a period of at least several 
minutes. At this point a run was 
begun. 

The lowest practical air velocity 
obtainable was then applied to the 
column and maintained for a 3-min. 
period, following which the total bed 
expansion and pressure differentials 
were measured. The flow rate was 
then increased to a new value and 
the foregoing procedure repeated. 
After reaching the maximum veloc- 
ity for the given run, the entire 
sequence was repeated in order of 
decreasing velocity. Figure 5 sum- 
marizes the pertinent results for 
three distinctly different types of gas 
distributors described in Figure 4. 

A of Figure 4 simulates the type 
of gas distributor frequently em- 
ployed in commercial fluidization col- 
umns. It is designed to produce a 
reasonably high pressure drop, which 
ordinarily is required for stable 
operation of a fluidized column. B 


TYPE C- POROUS PLATE DISTRIBUTOR 


[ BED _EXPANSION , 


PRESSURE DIFFERENTIALS 


Fig. 5. Bed expansion and pressure differentials: ©, data obtained in order 
of increasing velocity; @ data obtained in order of decreasing velocity; 3.33 
in. I.D. column, 4.0-lb. charge of silicon (all through 200 mesh). 
Roller-particle-size Analysis 


Micron range 
0—10 
10—20 
20—40 
40—57 
57—T4 
74 


BED-EXPANSION AND PRESSURE- 
DROP STUDIES 


Preliminary to the X-ray studies 
of fluidization, conventional data on 
bed expansion and pressure drops 
were obtained in the following man- 
ner: 4.00 lb. of commercial silicon 
powder (all through 200 mesh; see 
Figure 5) was charged through the 
top flange of the column while a small 
flow of air was passed through the 
distributor in cases where the design 
of the distributor permitted powder to 
fall through it, ie., types A and B of 
Figure 4. The vent of the column was 
temporarily closed and the column 
pressurized with air to about 20 in. 
of water while a check for gas tight- 
ness was made. The bed was ex- 
panded and vigorously fluidized for 


“Copies of the Appendix will be gladly sup- 
plied by the author upon request. 
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% in range 


8 
34 
50 

2 


characterizes the type of distributor 
frequently employed in laboratory 
investigations of fluidization (e.g., 
reference 2), which offers negligible 
resistance to gas flow, but tends to 
produce unstable fluidization. C com- 
bines the opportunity for uniform 
gas distribution inherent in the de- 
sign of B with the high pressure drop 
for operational stability incorporated 
in the design of A. 

The distinct superiority of the 
porous-plate distributor, at least 
for the single powder composition 
reported here, appears obvious 
from Figure 5. Superior bed ex- 
pansion, for example, is obtained 
with the porous-plate distributor 
over the practical range of operat- 
ing velocities, which is limited by 
entrainment considerations. Seri- 
ous gas channeling, visibly obvious 
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during operation with the muilti- 
orifice and screen distributors, is 
graphically indicated by the dis- 
continuities in the pressure-drop 
curves for these distributors. 

The foregoing differences in 
fluidized-bed performance are even 
more dramatically brought out by 
X-ray absorption measurements, as 
discussed in the following sections. 

In Figure 5 pressure differen- 
tials across the distributors are 
shown to be considerably higher 
when the column is filled with 
powder than when it is empty, ex- 
cept at the higher gas velocities 
corresponding to vigorous or vio- 
lent fluidization. These discrepan- 
cies are due partly to the inclusion 
of the bottom 14 in. of the bed in 
the measurement of distributor 
pressure differentials under filled 
column conditions (cf. p360). From 
experiments with coarser powders, 
however, these discrepancies are 
indicated to be due mainly to ob- 
structions within the gas passages 
in a distributor caused by the finer 
particles present in a charge of 
powder. At sufficiently high veloci- 
ties these obstructions become 
largely dispersed. 


X-RAY ABSORPTION STUDIES 


Preliminary Calibrations 


Local bed densities were deter- 
mined by application of Equation 
(4a) in the following manner: 

1. With an incident X-ray beam of 
the quality* and intensity* employed 
in the fluidization experiments, the 
empty column is “calibrated” against 
a range of standard thicknesses of 
pure aluminum,} which produces the 
same range of transmitted intensi- 
ties as produced by silicon beds in 
the fluidized as well as unfluidized 
states. Figure 6 shows a plot of 
typical results so obtained. Over the 
thickness range of major interest the 
plot is essentially a straight line, in 
accordance with Equation (la). 
Slight curvatures in Figure 6 are 
due to (a) the use of polychromatic 
instead of monochromatic X rays, 
(b) deviations from logarithmic 
amplification at counting rates below 
around 50 counts/sec. (cf. Figure 
7), and (c) appreciable coincidence 
counting errors at counting rates 
exceeding about 1,000 counts/sec. 
(E.g., at a rate of 2,400 counts/sec.. 
intercepted by the phosphor, the esti- 
mated coincidence counting error is 
approximately 10%.) 

2. Detector readings obtained dur- 
ing density-profile determinations 
were translated into local bed densi- 
ties by means of Equation (4a) as 
follows: When Equation (4a) is ap- 

*Functions only of the target voltage and 
emission current for a given X-ray tube. 
7Aluminum is particularly suitable as a cali- 
bration standard in the present study, since 
aluminum and silicon differ by only one in 


atomic number and hence have closely similar 
X-ray-absorption characteristics. 
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plied, 1, becomes the inside diameter 
of the fluidization column and lI, the 
thickness of calibration standard 
which will produce identical attenua- 
tion of the X-ray beam as produced 
by a volume of solids of bulk density, 
oz: The ratio of the mass absorption 
coefficients p.,°/u,% can be expected 
to be approximately constant over 
the range of wave lengths involved, 
since aluminum and silicon are ad- 
jacent in atomic number, and the 
critical absorption wave lengths for 
these elements are sufficiently re- 
moved from the range of “effective 
wave lengths” of the polychromatic 
X-ray beams employed (1 and 5). 
Hence it is to be expected that varia- 
tions of K under the conditions of 
the present study would be small, 
and the local bed densities, therefore, 
would be approximately proportional 
to the equivalent thickness of alumi- 
num, lg. 

Values of K as a function of oz 
were determined in the identical 
column employed in the fluidiza- 
tion investigation. The column, 
equipped with the porous-plate 
distributor, was charged with 
4.00 lb. of silicon powder. (See 
Figure 5 for particle-size analy- 
sis.) After a brief initial period of 
fluidization to homogenize the bed, 
the gas velocity was reduced to 
produce bed conditions at which 
total bed heights could be accurate- 
ly measured and, hence, average 
bed densities accurately calculated. 
Average bed densities were so de- 
termined from the charge weight, 
column cross-sectional area, and 
total bed height for bed conditions 
ranging from those for a densely 
packed bed, through increasing 
states of expansion, to conditions 
approximating those for incipient 
fluidization, (2 and 14). As noted 
in Figure 5, when the porous-plate 
distributor is employed bed ex- 
pansion under conditions of in- 
cipient fluidization is actually 
greater than for conditions for 
active fluidization, within the 
range of practical air velocities. 
Hence this technique permitted the 
determination of K values corre- 
sponding to actual densities which 
may be encountered in a fluidized 
bed, ranging from the densities of 
static or stagnant zones to the 
densities of vigorously ftuidized 
zones. 

At each condition of bed ex- 
pansion transmitted X-ray intensi- 
ties were measured over the en- 
tire bed height. The value of lI, 
employed in Equation (4c) was 
selected to correspond to the aver- 
age recorder reading, obtained by 
integration of a plot of the re- 
corder readings as a function of 
the bed level. Since over the range 
of conditions involved, bed density 
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° 10 20 30 60 70 80 90 
RECORDER READING 


Fig. 6. Typical calibration of X-ray 

photometer: target voltage, 27,000; 

emission current, 3 ma.; phototube 
voltage, 850. 


varies essentially linearly with re- 
corder reading, this procedure per- 
mitted rigorous evaluation of K 
values. The eight K values so de- 
termined (0.622 to 0.635) varied 
over a range of only 2%. It is of 
interest to observe this almost 
exact agreement with the range of 
K values (0.620 to 0.635) calcu- 
lated from literature values of the 
mass absorption coefficients for 
pure aluminum and silicon for the 
energy range of 10 to 30 kv. (16). 
However, this remarkable agree- 
ment must be considered at best a 
coincidence, since significant dif- 
ferences would be expected owing 
to the small concentrations of ele- 
ments of higher atomic number 
present in commercial silicon, such 
as iron, which have much higher 
mass absorption coefficients than 
pure silicon. [Cf. Equation (2).] 

The density curve in Figure 6 
follows directly from Equation 
(4a) upon substitution of the ex- 
perimentally determined K values. 


Probable Error of Density Measurement 


In the determination of average 
local bed densities (Figures 10 
and 11) recorder readings taken 
with a rate-meter time constant 
of 10 sec. (cf. Appendix and Fig- 
ure 8) and a chart speed of 36 in./ 
hr. were averaged over a period 
of 1 or 2 min. Maximum and 
minimum instantaneous local bed 


densities (Figure 11) were de- 
termined by averaging the mini- 
mum and maximum recorder read- 
ings, respectively, over a period 
of 5 sec., corresponding on the 
average to about 25 to 30 cycles 
of fluctuation of the recorder read- 
ings. (cf. Figure 8.) For these 
measurements a time constant of 
0.01 sec. and a chart speed of 36 
in./min. were employed. 

Sample chart records, obtained 
under typical conditions of vigor- 
ous fluidization, are shown in Fig- 
ure 8 for the entire range of time 
constants incorporated into the de- 
sign of the rate meter (Cf. Ap- 
pendix.) The ‘fast’ and “slow” 
chart speeds correspond, respec- 
tively, to 36 in./min. and 36 in./hr. 

In X- or gamma-ray absorption 
some fluctuations in the measure- 
ment of transmitted intensities— 
and hence apparent fluctuations in 
bed densities—are inherent, even 
in the measurement of static sys- 
tems, owing to the random nature 
of X or gamma radiation.* These 
random fluctuations, which must 
be taken into account in the rigor- 
ous analysis of radiation measure- 
ments made under conditions of 
fluidization, in order to distinguish 
between actual and apparent den- 
sity fluctuations, depend upon the 
total number of photons, or 
“counts,” recorded by the detector. 
This number is equal to the prod- 
uct of three factors: transmitted 
intensity, duration of the intensity 
measurement, and detection effi- 
ciency. In the present study the 
transmitted intensity is determined 
by the incident intensity and 
energy level and the bed density 
being measured. Duration of in- 
tensity measurement is determined 
by the rate-meter time constant. 
The detection efficiency is essen- 
tially 100%. By proper combina- 
tion of these factors, random 


*Under the conditions employed in this study 
the random nature o rays arises chiefly 
from the randomness of the electron emission 
from the X-ray tube filament as well as from 
the random nature of the atomic excitation 
process which results in the emission of the 
X rays. 
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Fig. 7. Relationship between recorder reading 
and counting rate. 
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fluctuations in transmitted intensi- 
ties—and, hence, in bed densities 
—can be made negligible. 

For the X-ray conditions gen- 
erally employed in this study, ran- 
dom fluctuations in bed density, 
as a function of actual bed density 
being measured and rate-meter 
time constant, are given in Fig- 
ure 9 by the vertical distances be- 
tween pairs of curves labeled with 
the same time constant. For ex- 
ample, if at a given moment the 
true density of a zone of the bed 
were 0.75 g./cc., the probable in- 
stantaneous density measurement, 
employing a time constant of 0.01 
sec., would range from approxi- 
mately 0.72 g./cc. minimum to 0.79 
g./ecc. maximum. Figure 9 was 
constructed from X-ray measure- 
ments taken with various time 
constants on thicknesses of alumi- 
num equivalent to the bed densities 
given by the data points. The 
ranges of fluctuation given in Fig- 
ure 9 were obtained by averaging 
the maximum and minimum re- 
corder readings over a_ suitable 
time interval (e.g., 1 or 2 min. for 
the 10-sec. time constant and about 
5 sec. for the 0.01-sec. time con- 
stant). 

Under conditions of the present 
study random fluctuations in the 
measurement of average local bed 
densities, determined with the 10- 
sec. time constant, were negligible. 
On the other hand, instantaneous 
local bed densities, which were 
determined with the 9.01-sec. time 
constant, were subject to the fol- 
lowing probable errors of measure- 
ment due to random fluctuations 
(approximated from Figure 9) : 


True 
instantaneous Approximate probable 
bed density, | Error of measurement, “% 
g./cc. Positive Negative 
0.70 3 3 
5 4 
0.8 8 6 
20 7 
1.0 30 10 


_ *Approximate density corresponding to “incip- 
ient fluidization.” 


+Approximate settled bed density with porous- 
plate distributor. 


Under most conditions of active 
fluidization encountered in this 
study, therefore, the probable 
errors of measurement of instan- 
taneous bed densities were not 
excessive. 

Increased precision of measure- 
ment of higher bed densities for 
a given time constant is readily 
attained by the use of an increased 
target voltage, hence, an increased 
transmitted intensity. 
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Bed-Density Profiles 

In Figure 10 profiles of time- 
averaged local bed densities, as 
functions of gas velocity, are given 
for the three gas distributors pre- 
viously discussed. All the results 
apply to the single powder com- 
position given in Figure 5. The 
corresponding instantaneous bed 
density profiles, along with the 
time-averaged density profiles for 
comparison, are given in Figure 

As a check of the reliability of 
the time-averaged density profiles, 
these were integrated over the en- 
tire bed height in order to obtain 
length-average bed densities which 
could be compared with the corre- 
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sponding values calculated from 
the weight of powder charged and 
the total bed height. Under settled 
bed conditions and at an air veloc- 
ity of 0.05 ft./sec., corresponding 
values of length-average bed den- 
sity agreed within 3% or better. 
At velocities of 0.15 and 0.25 ft./ 
sec. it was difficult to measure total 
bed heights accurately, because of 
excessive turbulence of the menisci, 
and discrepancies as great as 9% 
(and in one case 15% with the 
multiorifice distributor at 0.25 ft./ 
sec.) were noted. 

Before any further discussion of 
Figures 10 and 11, it is of interest 
to report the results of an auxil- 
iary series of experiments. In this 
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Fig. 8. Sample of X-ray absorption measurements of fluid-bed performance. 
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Fig. 9. Apparent fluctuations in bed density due to random 
fluctuations in the measurement of transmitted radiation 
intensities. 
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series the air flow (0.15 ft./sec.) to 
a vigorously fluidized bed,* employ- 
ing the porous-plate distributor, 
was abruptly terminated, and the 
resulting settling of the bed, with 
corresponding increased bed densi- 
ties, was followed by X-ray absorp- 
tion. A time constant of 0.01 sec. 
and chart speed of 386 in./min. 
were employed. The procedure was 
repeated at various levels of the 
bed up to the 12-in. level. After 
an initial rapid increase in bed 
density immediately following gas 
shutoff, a distinct leveling off, or 
“plateau,” in the density-time 
curve was observed, before final 
settling of the bed began. The 
duration of these plateaus, ranging 
from 1 to 15 sec., varied roughly 
linearly with bed level. The 
“plateau bed densities” so obtained 
were essentially constant at 0.74 + 
ODL g/cc. 

The foregoing results follow 
logically from the fact that upon 
termination of gas flow to a fluid- 
ized bed, collapse or settling of the 
bed obviously must progress up- 
ward from the distributor, and 
partial expansion of the upper 
zones of the bed is therefore main- 
tained by the gas liberated from 
the lower zones of the bed for 
periods of time roughly propor- 
tional to the bed level under con- 
sideration. 

As postulated by a number of 
investigators, the general gas-fluid- 
ized system includes two “phases’”’: 
a continuous phase, consisting of 
uniformly distributed particles in 
a supporting gas stream, and a 
discontinuous phase, consisting of 
essentially solids-free gas, which 
may pass through the bed in the 
form of bubbles, channels, or slugs. 
This is ‘two-phase’ or “aggre- 
gative” fluidization. A bed of solids 
fluidizes when the superficial gas 
velocity is sufficient to support the 
particles; this is the point of “in- 
cipient” fluidization. At appreci- 
ably higher gas velocities, a dis- 
continuous phase appears and 
imparts convective motion to the 
continuous phase to produce “ag- 
gregative” fluidization. For certain 
gas-solid systems it may be possi- 
ble for “single-phase” or “par- 
ticulate” fluidization to exist over 
a short range of velocities exceed- 
ing that required for incipient 
fluidization, without the appear- 
ance of a second, discontinuous 
phase. Toomey and Johnstone(13) 
postulate that the appearance of 
the discontinuous phase imposes 
no significant .changes upon the 
physical character of the con- 
tinuous phase; e.g., the voidage or 
density of the continuous phase 
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and the interstitial velocity re- understanding of the mechanism 


main essentially constant, inde- of gas fluidization. 
pendent of increasing superficial The essentially constant plateau 
TYPE A TYPE TYPE 
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INCHES ABOVE DISTRIBUTOR 
Fig. 10. Average bed-density profiles. 3.33 in. I.D. column; 4.0-lb. charge of 
silicon (see Figure 5 for particle-size analysis); target voltage: settled-bed 
data, 31,000, all other data, 27,000; emission current, 3.0 ma.; phototube voltage, 
850; time constant, 10 sec. 
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INCHES ABOVE DISTRIBUTOR 
Fig. 11. Instantaneous bed-density profiles (same data as in Figure 10 except 


for time constant, which is 0.01 sec. for instantaneous densities and 10 sec. 
for average densities). 


velocities. The latter is doubtless bed density reported above is be- 
an oversimplified concept, although lieved to correspond closely to the 
very useful for promoting clearer condition of incipient fluidization. 
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Applying the value 0.74 g./cc. for 
the incipient fluidization density 
to the total bed-expansion data 
given for the porous-plate dis- 
tributor in Figure 5 enables the 
incipient fluidization air velocity 
to be estimated at approximately 
0.030 ft./sec. if arrived at from a 
lower velocity and 0.017 ft./sec. 
if arrived at from a higher veloc- 
ity. Also, from the porous-plate- 
bed-expansion data, along with 
visual observations, the transition 
between particulate and agegre- 
gative fluidization (i.e., the condi- 
tion of maximum bed expansion 
without more than intermittent 
appearance of appreciable gas 
bubbling) was estimated to occur 
at a length-average bed density of 
0.64 g./cc. and a superficial air 
velocity of 0.0385 ft./sec. if arrived 
at from a lower velocity and 0.020 
ft./sec. if arrived at from a higher 
velocity. Hence 0.030 to 0.035 ft./ 
sec. and 0.017 to 0.020 ft./sec., 
arrived at from a lower and higher 
velocity, respectively, represent the 
approximate velocity ranges at 
which particulate fluidization oc- 
curs for the given combination of 
powder and gas properties, col- 
umn design, and gas distributor 
design. There was no evidence that 
particulate fluidization could even 
be approximated with either the 
multiorifice or screen distributors. 

Local bed densities (Figures 10 
and 11) greater than 0.74 g./cce. 
(i.e, greater than the incipient 
fluidization density) are indica- 
tive of completely or periodically 
stagnant zones within the bed. In 
a fluidized reactor stagnant bed 
conditions would give opportunity 
for hot spots, tar formation, de- 
activation of catalyst, powder 
caking and gas channeling to oc- 
cur. On the other hand, densities 
appreciably less than 0.64 g./cc. 
indicate zones in which an appreci- 
able, and frequently a major, pro- 
portion of the incoming gas flow 
is short-circuiting the bed. Actual- 
ly it is possible for short-circuit- 
ing of the gas flow to occur within 
zones of the bed possessing densi- 
ties exceeding 0.64 g./cc., or even 
within stagnant beds, when gas 
channeling or intermittent com- 
pression of the continuous phase 
takes place. 

The distinct superiority and in- 
feriority, respectively, of the por- 
ous-plate and screen* distributors, 
previously indicated by the bed- 
expansion and pressure-drop ex- 
periments, are emphasized by the 
X-ray absorption studies. Over the 
entire range of bed levels possi- 


*Same charge and particle-size analysis as 
employed in the density-profile determinations. 
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ble to probe accurately with the 
X-ray photometer (to within about 
an inch from the bottom or from 
the top of the bed), extremely uni- 
form average bed-density profiles 
are shown for the porous-plate dis- 
tributor, even at the lowest gas 
velocity reported (0.05 ft./sec.). 
On the other hand, results for the 
screen distributor exhibit appreci- 
able nonuniformities of the bed 
at the highest velocity reported 
(above which entrainment losses 
become objectionably high) and 
extremely nonuniform, incomplete, 
and erratic fluidization at the 
lower velocities. Performance data 
for the multiorifice distributor 
again fall intermediate in quality, 
compared with those for the por- 
ous-plate and screen distributors. 

It is of interest to note that the 
screen distributor employed in the 
present study, described in Figure 4, 
is essentially identical in design to 
that employed by Lewis, Gilliland, 
and Bauer for the ftuidization of 
Scotchlite glass beads (3). Whereas 
particularly poor performance was 
obtained with the screen distributor 
in the present study of the fluidiza- 
tion of silicon, no mention of similar 
performance deficiencies was made 
by Lewis et al. The apparent dif- 
ferences in performance are believed 
likely attributable to inherently dif- 
ferent fluidizing characteristics of 
Scotchlite beads, which are quite 
round and smooth, and silicon pow- 
ders, which are of a sharp, gritty 
nature. It is planned to investigate 
this apparent anomaly by fluidization 
of Scotchlite beads in the present ap- 
paratus. 

Stagnant zones of powder were 
clearly visible in the operations 
with the screen and multiorifice 
distributors. Even with the porous- 
plate distributor, a small amount 
of powder inactivity could be ob- 
served immediately adjacent to the 
distributor. In the latter case, 
however, this is believed likely to 
have been simply a small “wall” 
or “corner” effect, extending for 
only a very short distance above 
the distributor. 

Powder-packing tendencies, which 
give rise to stagnant zones in 
fluidized beds, are further indi- 
cated by the settled bed-density 
profiles for the screen and multi- 
orifice distributors. They are less 
uniform and include appreciably 
higher densities than in the case 
of the porous-plate distributor. 

Operation of the porous-plate 
distributor at 0.05 ft./sec. is shown 
in Figure 11 to be the only case 
in which the instantaneous bed 
densities all fell closely within the 
range corresponding to particulate 
fluidization, 0.64 to 0.74 g./cc., and, 
indeed, from visual observations 
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fluidization appeared most uniform 
under these conditions. 


CONCLUSION 


Reported above is a preliminary 
interpretation of the results of 
the X-ray absorption studies of 
fluidization. More thorough analy- 
sis of such results can be shown 
to lead to an improved understand- 
ing of the mechanism of gas fluid- 
ization. Such an analysis, based 
upon additional experimentation, 
including the use of high-speed 
movies, is currently in progress. 
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Rate of Fall of Single Liquid Droplets 


William Licht and G. S. R. Narasimhamurty, University of Cincinnati, Cincinnati, Ohio 


A study was made of the terminal velocities of fall of liquid droplets in another 
phase liquid under stationary conditions. The studies include dimensional analysis, 
experimental work for collection of fall-velocity data, and photographic studies 
of the drop behavior. Six systems were studied for organic liquids insoluble in and 
heavier than water. The experimental conditions and procedure have been 


standardized. 


For any given system, as the drop size was increased the fall velocities of the 
droplets increased gradually, reached a maximum, and then fell off asymptotically. 
Two mechanisms have been postulated, (1) for the range where the fall velocities 
increased with an increase of drop size and (2) for the range where the fall 
velocities decreased with an increase of drop size, with the maximum velocity 
region corresponding to the transition from region 1 and 2. 


Although there is considerable 
information available on the fall, 
velocities of rigid spheres in fluids, 
information on the motion of liquid 
droplets in liquids is limited, de- 
spite the fact that it is an integral 
part of liquid-liquid extractions in 
spray towers. The present prob- 
lem, which has been simplified so 
as to lead to a basic knowledge of 
the hydrodynamics of liquid drop- 
lets in liquids, is specifically, termi- 
nal velocities of fall of single liquid 
droplets inside a stationary and in- 
finite medium of another liquid 
without mass transfer between the 
phases. 

Ailor(1), Conway(3), Farmer 
(4), Katz(9), and Smirnov and 
Ruban(13), observed the fall veloc- 
ities of liquid droplets in liquids. 
Ailor used a 1-in.-diam. glass col- 
umn, and Katz used 2- and 3-in. 
diam. glass columns and reported 
wall effect in the 2-in. glass column. 
The data of Conway and Farmer 
on fall velocities are more qualita- 
tive than quantitative and are also 
complicated by the presence of 
mass transfer. It was found in the 
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course of the present work that 
Tygon tubing, which Katz used for 
connecting the burrette to the 
drop-forming tip, lowered the in- 
terfacial tension value of the 
liquids. It will later be shown that 
a lower interfacial tension lowers 
the fall velocity of the drop. Only 
a part of Smirnov and Ruban’s 
work is strictly applicable to the 
present problem, as for most runs 
they used a continuous medium in 
motion. Also an observation of ap- 
paratus figures of all the afore- 
mentioned workers shows that they 
used some connecting tubes to join 
the glass tubes, though they did 
not clearly state of what materials 
those tubes were composed. In any 
case none of them reported any 
special precautions to prevent the 
lowering of the interfacial tension 
values due to contamination with 
foreign materials. 

Spilhaus(14) proposed certain 
general correlations which took 
into account the air-liquid inter- 
facial tension for the case of rain 
drops and tested his correlations 
against the data of Laws(10). 
Hughes and Gilliland(7) using a 
quasithermodynamic approach for 


TABLE 1.—PROPERTIES OF LIQUIDS USED 


Carbon Tetra 
tetra chloro O-Nitro 
chloride ethane toluene 
1.584225-0 1.581325-0 1.1578%5-0 
1.5843%5-0 1.586975 1.16262° 
0.92965 -° 1.502%5-0 2.093750 
0.912746 1.45620 2.37% 
26.9% :4 35.0244 40.875-° 
26.7629 36.0420 41.672° 
41.674,0 31.3%4°9 26.6%? 
45.01.07  ...... 27.1929 
0.077% 0.288% 0.0652 
1.040 1.681 2.342 
2,445 1,843 2,408 


A.I.Ch.E. Journal 


drops falling in a gas arrived at 
results similar to those of Spilhaus 
(14) and tested their correlations 
against the data of Laws and Wat- 
son(15) for liquid drops in air. 
They presented their correlations 
in the form of a terminal velocity 
group Tv vs. a gravity group Wt 
with a surface-tension-size group 
Sd as parameter, where 


“3 Ho 
go | 3 
Ko 4 J Mo (pi— po) ( ) 


The present results were checked 
against the correlations of Hughes 
and Gilliland to indicate the dif- 
ference in behavior between gas- 
liquid and liquid-liquid systems. 
Tentative correlations for liquid- 
liquid systems were developed by 
the authors. 


DIMENSIONAL ANALYSIS 


The drag coefficient of a drop is 
assumed to depend upon 


Co=¢ (o, g, D, Piy Poy Mis Mo) (4) 


where the drag coefficient for 
steady state motion is 


Cs 4g (pi— po) D (5) 


3 Po v 


By means of dimensional] analy- 
sis a variety of possible dimen- 


Tetra Ethyl 
bromo chloro Chloro 
ethane acetate benzene 
2.953925 1.1451%-° 1.1008%5°° 
2.9529% 1.159 1.10085 
9.46425 °0 1.101%5-° 0.7625%5-° 
0.75857 
49.62 31.127°9 32.5% °6 
36.223-2 14.6% 35.4254 
38.82?° 15.875-0 37.4120 
0.0651%° Insoluble 0.0488~" 
4.4 
10.59 1.232 0.8533 
1,424 1.359 3,710 
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sionless correlations may be ob- 
tained among these variables. Two 
which were tested in this work are 


We = fi (Re, ur) (6) 


and 


CD 
= f2(B, Re, ur) (7) 
"Cp. 

Here We represents the Weber 
number, Re the Reynolds number, 
and ¢p* the drag coefficient of a 


rigid sphere of equivalent volume. 


The two other’ dimensionless 
groups used are defined as 
2 
9D po) 
4o (8) 
and 
9 
Mo ( ) 


SHAPE OF THE DROP 


Much interest has been evinced 
in the shape of the drop in motion 
by Hughes and Gilliland(7), Imai 
(8), McDonald (11), Saito(12), and 
Spilhaus(14). For drops and bub- 
bles one can write 


(10) 


This leads to the fundamental dif- 
ferential equation which, when 
solved and the boundary conditions 
substituted, should be expected to 
give the equation for the shape of 
the drop. 

In order to get a _ reasonable 
solution of the foregoing equation, 
the following simplifying assump- 
tions have been made: The drop 
(1) can attain an _ equilibrium 
shape; (2) has no oscillations or 
rotations; (8) falls vertically in a 
straight line; and (4) has axial 
symmetry about the vertical axis. 
Photographs taken during the 
present work indicate the extent 
to which these assumptions were 
met. In some instances they are 
reasonably valid, but there are out- 
standing exceptions which would 
seem to defy mathematical treat- 
ment of this question. 


EXPERIMENTAL WORK 


The experimental work consisted 
of (a) the preliminary work done to 
standardize the experimental condi- 
tions with a view to getting repro- 
ducible and reliable data as well as 
ascertaining the accuracy of the re- 
sults obtained, and (6b) the main ex- 
perimental work done to collect data 
on the terminal velocities of fall of 
liquid droplets as well as_ photo- 
graphic studies of the drop behavior. 


Vol. 1, No. 3 


Preliminary Work The preliminary 
work comprised the following: 

1. Choice of systems. 

2. Determination of the physical 
properties of the liquids. 

3. Production of drops of constant 
volume. 

4. Determination of the initial 
height of fall of drops required to 
attain terminal velocities. 

5. Elimination of wall effect and 
end effects. 

6. Temperature control. 

1. Six organic liquids insoluble in 
and heavier than water were chosen 
for the discontinuous phase; whereas 
laboratory-distilled water se- 
lected for the continuous phase. Only 


Fig. 1. Capillary U-tube microburette. 


research-grade organic liquids were 
used. The physical properties of the 
six organic liquids chosen are given 
in Table 1. The properties of distilled 
water were taken from literature and 
used as 9 = 0.99707 g./ml. at 25.0°C. 
and p= 0.8937 centipoise at 25.0°C. 
The properties of the organic liquids 
were determined experimentally, dis- 
tilled water being used as a reference 
liquid. The solubility data were taken 
from literature. 

Carbon tetrachloride was selected 
first in order that comparisons might 
be made with previous work on this 
material. It has a viscosity near that 
of water. Tetrachloroethane was se- 
lected as its density is very near that 
of carbon tetrachloride, but its in- 
terfacial tension with water is dif- 
ferent. O-Nitrotoluene was _ selected 
as it has almost the same Sd value 
as carbon tetrachloride. This was 
done in order to facilitate compari- 
son with the correlations of Hughes 
and Gilliland. S-Tetrabromoethane 
was selected because it has a high 
viscosity and high density, ethyl 
chloroacetate because it has a very 
low interfacial tension with water, 
and chlorobenzene because it has a 
low viscosity and density. 

2. The densities of the organic 
liquids were determined with a pyc- 
nometer at 25.0°+0.1°C., with dis- 
tilled water as a reference liquid. 
Viscosities were measured at 25.0° + 
0.1°C., with an Ostwald viscometer, 
distilled water being used as a refer- 
ence liquid. A Du Noiiy tensiometer, 
by means of the ring method, was 


A.1.Ch.E, Journal 


used for the measurement of surface 
tension of the liquids in air and the 
interfacial tension of the liquids to 
water. The surface and interfacial 
tension values read with the instru- 
ment were corrected with a factor 
obtained from the graph of Zuidema 
and Waters(16), and the corrected 
values were taken as true values. 

3. The production of drops of con- 
stant volume consisted of developing 
(a) nozzles and (b) burettes which 
would obviate the necessity of using 
any materials that may dissolve in 
and change the properties of the 
organic liquids used. 

Nozzles were used to form the 
liquid droplets at their tips. To start 
with, hypodermic needles were used. 
The oblique cut on the end of the 
needle was removed and the tip 
rounded off with a file to give a 
sharp-edged circular tip. Later the 
range of drop sizes was extended to 
smaller values by joining glass tips 
to the metal bases of hypodermic 
needles with Corroseal solder. By this 
procedure all the nozzles produced 
had the same standard Luer grind- 
ing of the hypodermic needles. 

Burettes were used for measuring 
the volume of the droplets. Apart 
from the question of accuracy of 
measurement, the other important 
considerations were (a) to avoid any 
lubricants coming in contact with the 
organic solvents at any time, (b) to 
regulate the rate of flow of liquids 
to extremely small flow rates, main- 
taining, if possible, a steady flow 
rate for any particular setting, and 
(c) to have a tip to which the nozzles 
could be attached directly without 
any other connecting tubes. The fol- 
lowing two burettes were developed 
for the purpose. 

One burette was a 5- by 1/100-ml. 
microburette. It was provided with 
an adjustable-flow stopcock, precision 
ground so that it might be worked 
without grease. A standard Luer 
grinding was provided at the tip of 
the burette to take the nozzles at the 
bottom. In order to minimize the 
effect of liquid-level variation on the 
drop formation time, experiments 
were run with the burette filled to 
zero mark before each run. 

The second burette consisted ofa 
4-ft. Pyrex-glass capillary tube bent 
to the shape shown in Figure 1. At 
the upper end of the tube was fused 
an adjustable-flow stopcock and at 
the lower end a 1l-ce. tuberculin 
syringe. The stopcock was open to 
the air, and hence a small amount 
of grease might be used, thus obviat- 
ing precision grinding. The horizontal 
length of the capillary was 40cm., 
giving 30 cm. for the graduated sec- 
tion. In this burette the 1-mm. length 
of the capillary tube corresponded to 
an average volume of 7.23 X 10-4 ml. 
Because of the horizontal portion of 
the capillary, this burette gave more 
uniform drop-formation times than 
the previous one. 

4, Preliminary work showed that 
drops attained terminal velocities of 
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fall after an initial height of fall oi 
30 cm. in water. However, some data 
were collected on drops after they 
fell initially through a height of 60 
cm., to serve as check points. 

5. Data were collected on carbon 
tetrachloride drops in water in a 3- 
in.-diam. glass column up to D =0.448 
cm. and compared with the data on 
the same system in a 6-in.-diam. 
Lucite column, as shown in Figure 
3. It can be seen that there is no 
noticeable difference in the fall-veloc- 
ity data in the 8- and 6-in.-diam. 
columns. However for additional con- 
fidence and convenience, the 6-in.- 
diam. column was used for later 
work. 

To avoid end effects, the lowest 
mark on the column for collecting 
the fall-velocity data was kept higher 
than 15 cm. from the bottom of the 
column. 

6. In the early stages of the work 
the temperatures in the column were 
maintained at 25.0° + 0.5°C., but 
they were later maintained at 25.0° 
+0.1°C. by a thermostatic water 
jacket in order to give added confi- 
dence to the results obtained. 


Main Experimental Work 


Apparatus. An oblique view of the 
apparatus is shown in Figure 2. It 
consisted of a 6-in.-diam. by 6-ft.- 
long Lucite column with the top end 
open and the bottom closed with %4- 
in.-thick Lucite sheet. One end of a 
%-in. brass pipe was screwed into 
the Lucite sheet and the other end 
connected to a petcock to serve as a 
drain. 

One mark was placed on the col- 
umn 3 cm. from the top, which cor- 
responded to the position of the drop- 
forming tip. Three more marks were 
placed on the column at 30, 60, and 
160 cm. below the drop-formation 
point. The last mark was 19.9 cm., 
from the base of the column. In the 
photograph these marks are indicated 
by the upper edge of the white bands 
around the outside. 

Mirrors were placed at the 160-cm. 
mark so that it might be viewed at 
the 30-cm. level. This not only served 
as a convenience but also helped in 
avoiding any vibrations in the col- 
umn arising from the operator’s mov- 
ing his position to take the readings. 
The 160-cm. mark at the bottom was 
generally illuminated by an electric 
light placed about 1 meter away. 

As Lucite was affected by the 
organic solvents used in the present 
work, an 800-ml. beaker of glass was 
placed at the bottom of the column 
to collect the organic liquid droplets 
as they fell. At the end of the day’s 


work the beaker could be removed 
with the help of copper wires tied 
to it. The fall-velocity data were 


checked with and without the beaker 
and the copper wires, but no difference 
could be found. 

The column proper was surrounded 
by a square jacket (made of sheets 
of Lucite) in which water circulated | 
for temperature control. The rest of | 
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the apparatus consisted of standard 
equipment for this control by which 
the temperature could be maintained 
St = 
Procedure. The following procedure 
was adopted as the one giving the 
most consistent and reliable results. 
As will become evident in a later 
part of the present work, interfacial 
tension is a very important factor 
controlling the rate of fall of liquid 
droplets. Hence absolute cleanliness 
is of great importance in the work. 
After all the apparatus had been 
cleaned, an 800-ml. beaker was low- 
ered into the 6-in.-diam. Lucite col- 
umn with the help of copper wires 
tied to it. The drain cock at the bot- 
tom of the column was closed and the 
column was then filled with distilled 
water of temperature 25.0° +0.1°C. 
The thermoregulator was turned on 
and the temperature of water circu- 
lating in the jacket outside the 6-in. 
column was adjusted to 25.0° + 0.1°C. 
The cleaned hypodermic or glass 
nozzles were attached to tips of the 
burettes provided with the standard 
Luer grinding. The capillary U-tube 
burette was used invariably for the 
small-sized drops, and the 5 X 1/100 
ml. burette was used for the larger 


Fig. 2. Apparatus for study of fall 
of liquid droplets. 
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sized drops. As a check a certain 
number of medium-sized drops were 
obtained with both the burettes. The 
appropriate burette, filled with the 
organic liquid, was mounted on top 
of the column with the tip of the 
nozzle submerged in water at the 3- 
cm. mark. Care was taken to center 
the tip in the column. Also, the col- 
umn was maintained in the vertical 
position by being checked occasionally 
with a plumb bob and the necessary 
adjustments made. 

The top and bottom temperatures 
of the water in the column were 
taken. Generally about 1 hr. after 
the column was first filled with water, 
or % hr. after the column reached 
the equilibrium temperature of 25.0° 
+0.1°C., the data were collected. 

The burette stopcock was opened 
slightly and the rate of flow of the 
liquid adjusted to give approximately 
the desired drop-formation time. 
Drop-formation times were chosen to 
be greater than 30 sec. with greater 
times for the larger sized drops. The 
frequency of the drops used in the 
present work was such that enough 
time was given for the turbulence 
in the wake of the previous drop 
to die down before the next drop 
fell, so that distortion of the mo- 
tion of the next drop was avoid- 
ed. Also, the rate of flow from 
the burette should be slow enough so 
that the readings of the liquid levels 
in the burette might be taken with 
negligible error. After the rate of 
flow was adjusted, the volume of 
liquid run down for a known number 
of drops was noted. Simultaneously 
the times of fall of as many drops 
as possible from 30- to 160-cm. marks 
were noted. From these values the 
average drop volume and the average 
time of fall of the drops were ob- 
tained and the fall velocity calculated. 
During each run the time of forma- 
tion of every fifth drop was generally 
noted. In the tables of data* only 
the lowest and highest drop-forma- 
tion times were noted. For each run 
the initial and final temperatures of 
water at top of the column were 
recorded. 

All timing was done with stop 
watches manually operated and cali- 
brated against standard time signals 
to an agreement within less than 1/10 
sec. in 10 min. The error in timing 
would at most amount to + 1/10 sec. 
in 5. sec., but in most runs was much 
less. 

The two phases used were not 
saturated with one another before 
the runs. As the mutual solubilities 
were in all cases very low and as 
no difference in results were noted 
either with variation in drop-forma- 
tion time or with the use of the same 
body of water for an entire day it 
was assumed that no appreciable 
error was introduced. 


*For tables of complete velocity vs. diameter 
data order document 4655 from the Photo 
duplication Service, American Documentation 
a. Library of Congress, Washington 25, 

D.C., remitting $1.75 for microfilm or $2.50 
for photoprints. 
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Fig. 3 Fall velocities of carbon tetrachloride drops in water. 
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of Ailor(1), Katz(9), and Smirnov 
and Ruban(13) for carbon tetra- 
chloride are also shown for com- 
parison. 
The range of drop sizes used for 
the different liquids was limited by 
the following considerations. (1) 
The nozzles used for producing 
very small drops were very fragile. 
Therefore the lower limit of drop 
sizes was fixed when the drops fell 
with almost the same velocity as | 
rigid spheres. In the case of chloro- | | | | | 
eollected on the smaller size drops 0.32 O56 064 072 0.76 094 0-38 100 104 108 412 au 120 
produced, as they drifted greatly Oe ere 
and bumped as many as three to Fig. 8. Fall velocities of chlorobenzene drops in water. 
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four times on the walls of the 6- 
in. column in a travel of about 1 
meter.* (2) There is a maximum 
limit to the size of a stable drop. 
Whether that upper limit was 
reached in the present work may 
be questioned, but the maximum 
drop sizes obtained in the present 
work can be claimed to be near the 
upper size limits for stable drops. 
The range of variables studied 
in this work are 

= 0.1037 to 1.9568 g./ml. 
D=0.114 to 1.119 cm. 

p;/p.o = 0.8533 to 10.59 

«6 = 14.6 to 41.6 dynes/cm. 


PHOTOGRAPHIC STUDIES 


During the course of the work 
it was felt advisable to record pho- 
tographically certain observations 
made visually with a view to ex- 
plaining the nature of the fall- 
velocity curves. 

Since the drop had to be photo- 
graphed in motion, a very short 
exposure time was necessary. As 
there was also the question of drop 
vibrations, it was felt that multiple 
images of the same drop should be 
taken at small intervals of time. 
A Strobolux working in conjunc- 
tion with a Strobotac, producing 
high-intensity flashes of a dura- 
tion of 15 to 50 usec. at frequen- 
cies adjustable from 1 to 6,000/ 
min. was used for the work. A 4- 
by 5-in. Crown graphic camera 
with a 135-mm. lens was used for 
taking the picture. A_ suitable 
emulsion was found to be Eastman 
Kodak Super XX. 

In order to take the pictures of 
drops, the same procedure as for 
the determination of fall velocities 
was followed, and the drops falling 
in the center of the column were 
photographed. A Strobolux fre- 
quency of 10 flashes/sec. was found 
to give satisfactory results with a 
camera lens opening of f/11. A %- 
sec. exposure resulting in four or 
five images of the same drop on 
the plate was usually found to 
give good results. Dichlorofluore- 
scein was added to some of the 
liquids used for producing the 
drops in order to increase the re- 
flectivity of the drops. Since this 
addition changes the properties of 
the drop, the photographic data 
should be considered as qualitative 
rather than quantitative. Drop 
sizes and velocities were generally 
noted for each of the drops photo- 
graphed. Finally the pictures of 
the drops thus obtained were en- 
larged and are shown in Figures 
9 through 13. 


*This may have been due to the effect of 
convection currents, as the density difference 
(pi—po)—is very small for this system. 
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The poor contrast in some of 
these photographs makes it diffi- 
cult to see the drop behavior. Ac- 
cordingly tracings were made from 
the prints of Figures 9, 11, and 
12 and are reproduced here. 


DISCUSSION OF RESULTS 


Figure 3 shows that the fall- 
velocity data obtained in the pres- 
ent work on carbon tetrachloride 
drops in water are definitely higher 
than those reported by the previous 
workers. This is no doubt due par- 
tially to wall effects present in the 
data obtained with 1- and 2-in. 
columns. But the lower values re- 
ported by Katz(9) for a 3-in. col- 
umn cannot be so explained as the 
technique was generally the same 
as in the present work. The dis- 
agreement is attributed to con- 
tamination of the carbon tetra- 
chloride by stopcock lubricants 
which lowered the interfacial ten- 
sion in Katz’s experiment. In the 
authors’ work special care was 
taken to avoid this, as explained 
above. 

Comparison of Figures 3 and 4 
shows the fall velocities of tetra- 
chloroethane drops to be lower 
than those of carbon tetrachloride 
drops, especially in the larger drop 
sizes, though their densities are 
very nearly the same, being 1.5813 
and 1.5842 g./ml., respectively, at 
25.0°C. The difference in 0,) 
is only 0.5% and rigid-sphere fall- 
velocity curves are virtually the 
same in both figures, and so the 


Fig. 9. Carbon tetrachloride and di- 
chlorofiuorescein drops in water. 


Fig. 10. O-Nitrotoluene 
drops in water. 
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difference in fall-velocity curves 
cannot be thereby explained. The 
viscosity ratio (y;/y.)= 1.681 for 
tetrachloroethane and 1.040 for 
carbon tetrachloride. The influence 
of viscosity, if any, should be to 
make the drop behave more like a 
rigid sphere with an increase of 
viscosity of the drop. Hence the 
viscosity increase cannot explain 
the lowering of the fall velocities 
of tetrachcloroethane drops. The 
interfacial tension of tetrachloro- 
ethane is only 31.3 dynes/cm., com- 
pared with 41.6 dynes/cm. for car- 
bon tetrachloride drops. It seems 
appropriate to assign the respon- 
sibility for the lower fall velocities 
on the lower interfacial tension. 


_ It is also consistent, since the rigid 
‘spheres with 


infinite interfacial 
tension fall faster than the drops 
in the same region. 
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Fig. 11. Ethyl chloroacetate drops in water. 


Figures 3 to 8 show that the 
fall velocities of liquid drops in- 
crease first, reach a maximum, 
and then fall off asymptotically as 
the drop size is continuously in- 
creased. This behavior of liquid 
drops contradicts that of rigid 
spheres. Hence it will be discussed 
in detail in the light of both the 
experimental and photographic re- 
sults. 

In the smaller range of drop 
sizes, the fall velocities of some 
liquid droplets are greater than 
those of rigid spheres over a cer- 
tain range of drop sizes. This criss 
crossing of the fall-velocity curves 
of drops and rigid spheres is sig- 
nificant in the case of ethyl chloro- 
acetate and chlorobenzene, which 
are both characterized by a com- 
bination of low values for (9; — ¢,) 
and (y;/y,), but not in the case 
of the other systems. It has been 
proposed by various workers that 
internal circulation with the drop 
will cause the fall velocity to be- 
come greater than for rigid 
spheres. 

In the larger sizes all drops fell 
with velocities lower than those of 
rigid spheres. Since drops are de- 
formable, they deviate from the 
shape of a rigid sphere, and the 
total surface area of the drop in- 
creases and naturally gives rise 
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Fig. 13. Chlorobenzene 
and dichlorofluorescein 
drops in water. 


to a higher drag coefficient. The 
different shapes of drops given in 
Figures 9 to 13 will bring out this 
point clearly. 

From a study of the photo- 
graphs the following observations 
can be made: 

1. The smaller size drops are less 
deformed than the larger ones and 
are more nearly spherical. 

2. Some of the deformed drops in 
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Fig. 12. Ethyl chloroacetate and di- 
chlorofluorescein drops in water. 


the larger sizes show vibrations in 
shape, which were alse observed by 
Blanchard(2) in the case of water 
drops in air. 

3. The drops with an equilibrium 
shape fall with a uniform velocity 
even when the time intervals taken 
for the determination of the fall 
velocity are small. 

4. The drops with vibrations show 
unequal velocities of fall when the 
time intervals are reduced, as in the 
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present: work, to say 1/10 sec. This 
can clearly be seen from the unequal 
distances between consecutive images 
in the photographs where the drops 
showed vibrations in shape. 

5. Several drops fall in a path 
which is neither strictly vertical nor 
even a straight line. In fact, visual 
observation shows them to fall in a 
zig-zag path. It was visually observed 
that as the drop sizes were gradually 
increased the smallest drops fell 
nearly vertically, and for the larger 
sizes the deviation from the vertical 
path increased to a maximum (when 
it was even impossible to collect data 
as the drops fell on the walls of the 
container), and then the deviation 
decreased with further increase of 
drop sizes, though the deviation did 
not die down completely. The maxi- 
mum drifting of the drops as noted 
above may correspond to the case 
where the natural frequency of the 
drop coincides with the frequency of 
the eddies formed in the wake, as 
referred to by Gunn(6) in the case 
of water drops in air. 

6. In the case of several drops 
there is no axial symmetry in the 
shape of the drop. 

With the experimental and pho- 
tographic results combined, the 
fall-velocity curve for each of the 
systems studied can be divided into 
two regions: (a) for drop sizes 
smaller than those corresponding 
to the maximum fall-velocity and 
(b) for the larger drop sizes. Re- 
gion (@) is characterized by (1) 
an increase of fall velocity with 
an increase of drop size and (2) 
the existence of an equilibrium 
shape of the drop, though the drop 
may be vibrating as a whole. Re- 
gion (b) is characterized by (1) 
a decrease of fall velocity with an 
increase of drop size and (2) the 
nonexistence of an_ equilibrium 
shape. The range of maximum fall 
velocities seems tu correspond to 
the transition from region (a) to 
(b). 

The fall velocity values taken 
from the smooth curves for drops 
in Figures 3 to 8, and the experi- 
mentally determined properties of 
liquids as given in Table 1, are 
used for further calculations. 

In Figure 14 the drag coefficients 
of liquid drops were plotted against 
Reynolds number. For purposes of 
comparison, the drag coefficients of 
rigid spheres were shown in the 
figure with a broken line. It can 
be seen that the drag coefficients 
of liquid drops reach a minimum 
and then climb up steeply with in- 
creasing Reynolds number. An at- 
tempt was made to see whether 
the Cp vs. R, plot could not be re- 
drawn with Weber number as para- 
meter, but it did not prove to be 
successful. 
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Fig. 15. Correlation of C, with 8 group. 
The data were also checked Hughes and Gilliland had to as 


against the correlations of Hughes 
and Gilliland(7) in terms of the 
groups Tv, Wt, and Sd as given by 
Equations (1), (2), and (3). Poor 
agreement was obtained, which 
ought not to have been unexpected. 
In developing their correlations 
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sume that the density ratio and 
viscosity ratio were unimportant. 
This is reasonably true for liquid 
drops falling through gases but 
not through liquids. 

The Weber numbers of falling 
drops were plotted against Reyn- 
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olds number on logarithmic co- 
ordinates in an effort to check the 
correlation suggested by Equation 
(6). A family of parallel straight 
lines was obtained below Reynolds 
number of 700, but they did not 
correlate with the viscosity ratio. 
This type of plot is unreliable in 
any case because both the major 
variables, diameter and velocity, 
appear in both groups. 

In Figure 15 the ratio of the 
drag coefficient of a liquid drop to 
that of a rigid sphere of the same 
volume and density properties and 
the same fall velocity as the droplet 
is plotted vs. the dimensionless 
group 8. In the larger drop sizes, 
as represented by higher values of 
6, the curves are nearly linear on 
a rectangular coordinate plot. The 
dotted line represents the mean of 
all the six curves, thus giving a 
relationship of 


o=( Cp ) = 1.87 B+ 0.425 
Cs he (11) 


Equation (11) may be used with 
reasonable confidence for the case 
of liquid drops in water for the 
range of $8 => 0.4. 

In this correlation the influence 
of wp, seems to be negligible. It may 
need further refinement and ac- 
curacy as well as a more extensive 
range of experimental conditions 
to determine exactly the role 
played by the viscosity of the dis- 
continuous phase. 


CONCLUSIONS 


1. In addition to the four proper- 
ties of diameter and density of the 
discontinuous phase as well as the 
density and viscosity of the con- 
tinuous medium, which are impor- 
tant in the case of motion of rigid 
spheres in fluids, the liquid drops 
falling in liquids are also influ- 
enced by the interfacial tension 
property. A lower interfacial ten- 
sion lowers the fall velocities of 
the drops. 

2. For any given system the 
liquid drops falling in another 
liquid are nearly spherical in smail- 
er sizes, and their deformation in- 
creases with an increase of drop 
size. 

3. Large-sized drops show vibra- 
tions in their shape and do not 
have any equilibrium shape. 

4. Drops showing an equilibrium 
shape fall with a uniform velocity 
irrespective of the time interval 
chosen for the measurement of 
terminal velocity. Drops exhibiting 
vibrations in their shape do not 
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fall with a uniform velocity if the 
time interval chosen for the meas- 
urement of velocity is small, but 
they fall with a uniform average 
terminal velocity if the time in- 
terval chosen is large enough. 

5. For any given system as the 
drop size is increased the fall veloc- 
ity of the drop first increases to 
a maximum and then falls off 
asymptotically. 

6. The foregoing behavior of 
drops has been divided into two 
regions, (a) for drop sizes smaller 
than those corresponding to the 
maximum fall velocity and (b) for 
drop sizes larger than those corre- 
sponding to the maximum fall 
velocity, with the maximum-fall- 
velocity region corresponding to 
the transition from region (a) to 
(b). 

In region (b), above 8 = 0.4 the 
behavior of all liquid droplets in- 
soluble in and falling through water 
can be represented by (Cp/Cp°) re 
= 1.87 8 + 0.425. 


OTHER WORK 


As this manuscript was being 
prepared, a similar piece of work 
by Hu and Kintner was reported 
(17). Four of the liquids used were 
the same in both studies: carbon 
tetrachloride. O-nitrotoluene, tetra- 
bromoethane, and chlorobenzene. A 
comparison of data indicates that 
in the present work higher fall 
velocities were found in each of 
these four cases. The difference 
amounts’ to roughly 10% and may 
be due to a difference either in the 
methods of timing employed or in 
properties of the materials used. 
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NOTATION 

Cy =drag coefficient, 
(5), dimensionless 

Cpy’= drag coefficient of a rigid 
sphere, dimensionless 

C,.= (Cp/Cps), dimensionless 

D = equivalent spherical diameter 
= (6v/x)4, cm. 

g = acceleration due to gravity, 


Equation 


em./ (sec.)? 

J, = conversion factor, —980 
dynes/g. 

P=pressure, force/area, dyne/ 
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R,,R.=principal radii, length 
units cm. 

Re = Reynolds number, dimension- 
less 

Sd = surface-tension size group, 


Equation (3), dimensionless 
Tv= terminal-velocity group, Equa- 
tion (1), dimensionless 

v = volume cc. 
V = velocity, cm./sec. 
We = Weber number, dimensionless 
Wt = gravity group, Equation (2), 
dimensionless 
8=drop property group, Equa- 
tion (8), dimensionless 
u. = viscosity, poises 
= dimensionless 
= density, g./ce. 
s = interfacial tension, dynes/cm. 
¢ = function of 


Subscripts 


7 = discontinuous-phase property 
o = continuous-phase property 


LITERATURE CITED 


1. Ailor, R. M., B. S. thesis, Univ. 
Tennessee (1950). 

2. Blanchard, D. C., Trans. Amer. 
Geophys. Union, 31, 836 (1950). 

3. Conway, J. B., Ph.D thesis, Univ. 
Cincinnati (1949). 

4, Farmer, W. S., M. S. thesis, Univ. 
Tennessee (1949). 

5. Goldstein, S., “Modern Develop- 
ments in Fluid Dynamics,” II, 
504, Oxford University Press, 
London (1938). 

6. Gunn, R., J. Geophys. Research, 
54, 383 (1949). 

. Hughes, R. R., and E. R. Gilli- 
land, Chem. Eng. Progr., 48, 497 
(1952). 

8. Imai. I., J. Meteorol. Soe. (Japan), 
Series 2, 28, (4), 113 (April 
1950). 

9. Katz. H. M., M. S. thesis, Univ. 
Cincinnati (1950). 

10 Laws, J. O., Trans. Am. Geophys. 
Union, 22, part III, 709 (1941). 

11. McDonald, J. E., “Theoretical 
Cloud Physics Studies” (Final 
Report), Project NR082 093, Office 
of Naval Research, U. S. Navy 
Dept. 

12. Saito, S., Science Repts., Tohoku 
Imp. Univ. Series I, 2, 179 (1913). 

13. Smirnov. N. I., and V. L. Ruban, 
Zhur. Priklad. Khim. (J. Appl. 
Chem.), 22, 1068 (1949). 

14. Spilhaus, A. F., J. Meteorol., 5, 
108 (1948). 

15. Watson in Ref. 7, page 500. 

16. Zuideman, H. H., and G. W. 
Waters, Ind. Eng. Chem., Anal. 
Ed., 13, 312 (1941). 

17. Hu, S., and R. C. Kintner, A.I. 
Ch.E. Journal, 1, 42 (1955). 


(Presented at A.I.Ch.E. 


| 


Louisville meeting) 


Page 373 


| — 

| 

| 


Mechanism of Heat Transfer 


to Fluidized Beds 


H. S. Mickley and D. F. Fairbanks 


Massachusetts Institute of Technology, Cambridge, Massachusetts 


In order to determine the nature of the resistance controlling heat transfer between fluidized beds and surfaces in 
contact with them, heat transfer measurements were made on the same solid constituents with several different fluidizing gases. 
The heat transfer coefficients obtained with fluidized beds are found to be proportional to the square root of the thermal con- 
ductivity of the quiescent beds. This result indicates that the process controlling fluidized heat transfer may be considered to 


be an unsteady-state diffusion of heat into mobile elements of quiescent bed material. 


This picture is analyzed mathematically to yield an equation for the heat transfer coefficient h = V/ «km p,¢S wherein 
the effects of the bed thermal properties are separated from the effects of the stirring factor $, which accounts for bed motion 
and geometry. The mass transfer analogue is also derived and shown to correlate existing mass and heat transfer data reason- 


ably . well. 


It is concluded that the proposed mechanism yields a satisfactory picture of the fluidized heat transfer process and 
may provide the beginnings of a rational approach to the correlation and prediction of fluidized heat transfer in engineering 


work. 


Heat transfer coefficients of up 
to 300 B.t.u./ (hr.) (sq.ft.) (°F.) 
have been reported(8) for fluid- 
ized beds and surfaces in contact 
with them; values in the range of 
40 to 120 B.t.u./ (hr.) (sq.ft.) (°F.) 
are common. Such coefficients are 
many times higher than those nor- 
mally encountered with packed 
beds or with flowing gases, and the 
resulting ease of heat transfer is 
one of the factors favoring the 
incorporation of fluidization into 
industrial processes. Despite the 
many successful commercial appli- 
cations of fluidization, the nature 
of the heat-transfer process has 
remained obscure. The present in- 
vestigation represents an attempt 
to delineate the mechanism of heat 
transfer in “bubbling” beds, i.e., 
dense-phase, aggregative beds in 
the absence of slugging or severe 
channeling. Such beds are a type 
commonly desired for industrial 
applications and may be qualita- 
tively described as inhomogeneous 
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tumbling mixtures of solids and 
upward-moving gas-filled spaces. 
Knowledge of the heat-transfer 
mechanism should be of consider- 
able aid in the development of 
trustworthy design procedures for 
these beds. 


DEVELOPMENT OF A MODEL 


As a first step in developing a 
picture of the mechanism of fluid- 
ized heat transfer, it is to be noted 
that at any time in a fluidized sys- 
tem which is in contact with a 
surface hotter or colder than the 
bed, transitory solid-solid, solid- 
surface, gas-solid, and gas-surface 
contacts are all occurring, with in- 
terconduction of heat to be ex- 
pected from each such contact. The 
complicated, irregular motions of 
solids and gas are constantly mak- 
ing and destroying the individual 
contacts, and these motions create 
the means for a convective trans- 
fer of heat via both media. By the 
simultaneous and successive opera- 
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tions of all these individual con- 
ductive and convective mechanisms, 
heat is transferred from the sur- 
face and into the core of the bed. 

The difficulty with this mode of 
depicting the heat transfer process 
is that while the picture is almost 
certainly correct, it is so compli- 
cated as to be quantitatively un- 
manageable. The need for the crea- 
tion of a manageable model is the 
justification for the following dis- 
cussion. 

Bauer(2) found evidence that 
the dense phase of bubbling beds 
retained a constant void fraction 
independent of superficial gas 
velocity and that this void fraction 
was essentially that of quiescence. 
Furthermore, his data for uniform 
glass spheres indicate that the void 
fraction of quiescence was 0.41. 
This value may be compared with 
the theoretical void fractions for 
spheres packed in cubic and hexa- 
gonal prism lattices: 0.475 and 
0.395, respectively. In these two 
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theoretical lattice structures there 
are, respectively, six and eight 
neighbors in direct contact with 
each sphere. It may be concluded, 
therefore, that at least for uniform 
spheres the quiescent packing is 
close enough to allow each particle 
to be in direct contact with nearly 
eight neighbors. Each particle in 
the dense phase of a fluidized bed 
may be expected to be in contact 
with several neighbors most of the 
time, and with this the case it does 
not seem unreasonable to assume 
that the particles are locked loosely 
together and do not usually move 
in relation to one another. Of 
course, if the motion of the bed 


Fig. 1. Transfer of a packet to a 
heated surface. 


creates localized temporary shear 
forces, separation or relative mo- 
tion of neighboring particles will 
result. However, if a small group 
of neighboring particles is con- 
sidered, it would appear that it 
will be a fairly rare occurrence 
for this group to be so ruptured. 
It seems reasonable, therefore, to 
create a picture of fluidization in 
which small groups of particles 
are imagined to move as individual 
units through the bed as the dense 
phase is stirred. Such a _ small 
group or assembly of particles will 
be here termed a packet. Packets 
are not permanent, but they may 
be accorded some finite persistence 
in time. Their void fraction, dens- 
ity, and heat capacity are those 
of the quiescent bed. The packet 
thermal conductivity is that of the 
bed when measured at quiescent 
packing density in the absence of 
any solid motion. 

In Figure 1 a packet is repre- 
sented in the main body of the 
bed. It is here at bed temperature 
T,. Suppose that the stirring of 
the dense phase sweeps this par- 
ticular packet into contact with a 
flat surface of temperature 7. Un- 
steady-state diffusion of heat into 
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the packet will commence upon 
contact, and, if it is assumed for 
analytical purposes that the packet 
may be considered homogeneous, it 
can be shown(4) that after being 
in contact for a time +, the rate of 
diffusion of heat into the packet is 


dm Km Pm (Ti = Es) 


Tv 


Il 


(1) 


where 


Gm is the instantaneous rate of 
heat flow into the packet, B.t.u./hr. 


BED TEMPERATURE 
To 


AT T; 


Fig. 2. Downflow of packets past a 
heated surface. 


S 


A, is the area of contact of the 
packet with the surface, sq.ft. 

km is the thermal conductivity of 
the packet B.t.u./ (hr.) (ft.) (°F.) 

Om is the density of the packet, 
lb./cu.ft. 

c is the heat capacity of the 
packet, B.t.u./ (Ib.) (°F.) 

If the local instantaneous heat 
transfer coefficient is represented 
by then 


hi A m (Ti 
1 — 
V Kn Pm CT (2) 


The observed local heat transfer 
coefficient will be the time average 
of all the local, instantaneous co- 
efficients occurring during a period 
of time at a particular locality on 
the heater surface. At this location, 
let Y(c) represent the frequency 
of occurrence in time of packets 
having age +; that is, over a long 
period of time, the fraction of the 
total time during which the sur- 
face is in contact with packets of 
ages ranging between +t and «+ drt 
is ¥(<)dzt. The observed local aver- 
age coefficient will be due to heat 
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transfer to packets of all ages plus 
that due to direct contact of gas 
bubbles at the surface. Neglecting 
the latter effect, which should gen- 
erally be small, results in the local 
coefficient expressed mathematical- 
ly as the summation of the indi- 
vidual contributions of packets of 
all ages: 


hy hi (rt) ¥ (7) dr = 


° 

(3) 
If the term S, is defined as 


(4) 
Equation (3) may be succinctly 
written as 


hy = V km pme St (5) 


Two important assumptions have 
entered into this derivation, viz., 
(1) that relative motion of neigh- 
boring particles is rare, at least 
near heater surfaces, and (2) that 
the dense phase of the fluidized 
bed may for the present purpose 
be considered homogeneous. Some 
justification has already been given 
for the first assumption. The sec- 
ond assumption will probably be 
good if the average residence time 
of the solid in contact with the 
surface is long enough for a fair 
portion of the heat transferred to 
diffuse into layers of particles lying 
beyond the layer touching the sur- 
face. Justification of the latter as- 
sumption requires experimental 
evidence, which will be offered at 
a later point. 


AVERAGE COEFFICIENTS 


Generally one is more interested 
in the average coefficient for an 
entire surface than in the local co- 
efficient at a particular point on 
that surface. The average coeffi- 
cient for an isothermal surface 
will be the area mean of the local 
coefficients. Thus, 


1 
(6) 


A 


where A represents the area of the 
heat transfer surface. Combining 
Equations (5) and (6) gives 
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1 
h Vkm Pm fs," dA (7) 


A 


By defining an area mean stirring 
factor S as 


A 


one may write the mean coefficient 
in a form analogous to Equation 
(5), 


h = Vkm pre S (9) 


VALUE OF THE MODEL 

If Equations (8) and (5) are 
examined, it will be noted that 
they relate the heat transfer co- 
efficient to the product of two 
terms. One of these terms, \/ Km 
is a function only of the thermal 
properties of the quiescent bed and 
is readily evaluated. The other 
term, S,, offers more difficulty, for 
it is a function of the packet-age 
distribution, (7), and little is 
known about how this distribution 
may be affected by the gross oper- 
ating variables of the system: gas 
velocity, particle diameter, heater 
size, etc. The relation between the 
two terms S, and (7) is as fol- 
lows. If solid is exchanged very 
rapidly at the surface, Y(c) will 
be very high for low values of + 
and negligible for higher ones. 
This will cause S, to be large. If 
solid is exchanged at a slower rate, 
the average age of solid at the sur- 
face will increase, Y(<) will be 
greater for large values of + and 
consequently smaller for small 
values, and S, will be decreased. 
v(c) represents the distribution 
of ages among the packets at the 
surface and is determined only by 
the processes causing movement of 
solid across and to and from the 
surface. (7) thus depends on the 
dynamics of the bed alone. S, de- 
pends on (zc) and in addition, as 
will be shown below, on the nature 
of the temperature or heat-flux dis- 
tribution on the heater surface. 

At present it is impossible to 
evaluate the stirring term S; from 
the dynamic factors which deter- 
mine it. However, the equations 
developed are still useful, for, 
granting the correctness of the as- 
sumptions underlying the analysis, 
the effect of the intrinsic thermal 
properties of the bed has been 
identified and isolated from dy- 
namic effects. In this fact there 
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lies an opportunity to test these 
assumptions experimentally; for 
beds that are dynamically equiva- 
lent, the observed coefficient should 
vary aS \/Kkmome. If, contrary to 
the assumptions made, the real 
situation involves a gas film next 
to the wall as the controlling fac- 
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Fig. 3. Variation of the heat transfer 

coefficient along the vertical length 

of a heater. Data of Marchetti and 

Turner(6); wall heater; bed diame- 
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Fig. 4. Effect of cooler length on the 

heat transfer coefficient. Data of Van 

Heerden, Nobel, and Van Krevelen 

(11); wall cooler; coke fluidized with 
air at V,—0.42 ft./sec. 
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Fig. 5. Downflow of packets past a 
heater with superimposed side mix- 
ing from main body of the bed. 
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tor, changes of fluidizing gas would 
cause variations of the coefficient 
directly proportional to gas con- 
ductivity. Other possible controlling 
mechanisms will give other char- 
acteristic behaviors, and from the 
experimental evidence the admissi- 
bility of the various mechanisms 
may be tested. 


IDEALIZED BED DYNAMICS 


Before the experimental checks 
of the effects of thermal proper- 
ties are discussed, it is useful to 
indicate the manner in which some 
possible forms of bed motion might 
be expected to affect heat transfer. 
The motions which will be postu- 
lated are undoubtedly too simple 
to apply generally to actual fluid- 
ized beds. It is believed however 
that the idealized cases approxi- 
mate actual conditions under spe- 
cial circumstances and that their 
study may aid in the development 
of qualitative ideas about the 
events underlying observed heat 
transfer phenomena. 


Slug Flow of Solid Past the Surface 


In a bed which is operating at 
very low gas rates, just above 
quiescence, there is not very much 
turbulence. The solids move up in 
the center and down at the walls 
(down also near other surfaces 
such as those of vertical internal 
heaters). The flow is not smooth 
but is spasmodic owing to the in- 
termittent passage of ascending 
gas bubbles near by in the core of 
the bed. However, as one possible 
model of this near-quiescent sys- 
tem, the flow of solid downward 
past the wall might be assumed 
to be at some uniform speed v. In 
Figure 2, then, at a distance L 
from the leading edge of the heater, 
the age of all packets is always 
<= L/v, and at this position 
0 except for ¥(L/v) which, assum- 
ing the heater to be always in 
contact with solid, is infinite to 
such an order that =1. 
The stirring term S,, is then simple 
to evaluate; viz. 


V(r) dr = 
VT 


(10) 
Vt 


and 


V4 
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Equation (11) indicates that a 
heater in contact with such a near 
quiescent bed will have a heat 
transfer coefficient which decreases 
in the direction of the flow of solid 
along it. If there is a contributing 
film or surface resistance, the rate 
of decrease will be lessened, but if 
there is any degree of decrease in 
the local coefficient at progressively 
removed positions from the leading 
edge, this is an indication that 
unsteady state diffusion of heat 
into the flowing solids is an ap- 
preciable factor in determining the 


‘fluidized heat transfer coefficient. 


Baerg, Klassen, and Gishler (7) 
made a qualitative observation of 
such an effect occurring with an 
internal heater at the center of a 
fluidized bed, and they concluded 
that there was at low gas rates a 
downflow of solids past the heater. 

Marchetti and Turner(6) made 
rough quantitative observations of 
the leading-edge effect. Some of 
their results are shown in Figure 
3, where a line of slope —0.5 fits 
their data fairly well. From their 
data, and from the known thermal 
properties of the solid, it is possi- 
ble to estimate that the rate of 
solid flow v past the wall was about 
1 ft./sec. This estimate is based 
on a modification of Equation (7) 
which is derived for constant-flux 
rather than constant-temperature 
heaters. 

Equation (11) gives the heat- 
transfer coefficient at a point. The 
mean coefficient for the heater will 
be the average of the local coeffi- 
cients: 


\/Km.pm C (v/L)? (12) 
V0 
where h is the length-mean coeffi- 
cient for a surface of height L. 
Dow and Jakob(3) have re- 
ported coefficients between bed 
walls and fluidized beds operated 
at low gas rates where an un- 
broken flow of solid occurred down- 
ward at the wall. They found that 
the observed coefficients varied as 
the —0.65 power of the depths of 
these beds. Van Heerden, Nobel 
and Van Krevelen(11) observed 
similar behavior when the length 
of cooled wall was varied and the 
bed depth kept constant. They con- 
cluded that the effect determined 
by Dow and Jakob was due to 
heater length, not bed depth. This 
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is believed to be a more nearly cor- 
rect interpretation. 

Van Heerden et al. proposed a 
mechanism involving not only un- 
steady state transfer but also 
steady state conduction through a 
gas layer next to the heater and 
through a packed solid layer pass- 
ing the wall. Each of these mech- 
anisms controlled the heat transfer 
in turn as the solid progressed 
downward. Their data are shown 
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in Figure 4. They proposed that 
with short heaters the solid ad- 
jacent to the wall was not heated 
significantly during its short con- 
tact time and that the gas layer 
intervening between wall and solid 
controlled. For longer heaters the 
solid began to warm significantly 
and the combination of gas layer 
resistance and heat-diffusion re- 
sistance in the solid controlled. For 
very long heaters, the coefficient 
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Fig. 8. Heat transfer to glass beads. Bed dimensions: 
Figure 6; solid properties: Table 1. 


became controlled by the conduc- 
tion of heat from the wall across 
the laminar layer of solid (now 
the principal resistance) to the 
turbulent core of the bed. Although 
this picture can certainly account 
for the heater-length effects found 
by these investigators, it will be 
shown that the data to be presented 
here cannot be explained by it. 


140 


From these latter data it will be 
seen that the principal resistance 
exists in the unsteady state dif- 
fusion of heat into the massed 
solid; independent effects of gas- 
and_ solid-layer conduction are 
negligible. It is believed that the 
length effects found by Van Heer- 
den et al. are due mainly to vari- 
ations attributable to the stirring 
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Wig. 9. Heat transfer from the heater probe to a bed of microspheres. 
Probe dimensions: Figure 10; solid properties: Table 1. 
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factor S. For very short heaters of 
the same order of size as the length 
of the average pulse movement of 
the solid flow, S should become 
constant, giving a coefficient inde- 
pendent of length. The effect found 
with long heaters may be due to 
the fact that experimentally the 
heater extended into the poorly 
stirred solid which exists at the 
bottom wall of most beds, or it 
might be due to side mixing of 
solid. 


Side Mixing 

Although slug flow of solid past 
the surface may in some circum- 
stances be the primary means by 
which fresh solid is brought into 
contact with a surface, there is 
some evidence to indicate that with 
large surfaces and highly turbu- 
lent beds, sidewise transfer of solid 
packets to the surfaces will have 
an important effect on the stirring 
factor S. 

This situation is pictured in 
Figure 5. Here, as before, the 
solid mass is flowing down past 
the surface, but as it passes down- 
ward some of the solid at the sur- 
face is exchanged with solid 
brought in sideways from the core 
of the bed. If s represents the 
average replacement of packets at 
the wall per unit time by means 
of side mixing (ie., if s=0.01 
sec.-1, during 1 sec. solid covering 
one hundreth of the heater area 
will, on the average, be exchanged 
by side mixing with fresh core 
solid), it can be shown(4) that the 
stirring factor S, is 


ah sL \? ( v 
( v y+ aL 
2 
exp 2 (13) 


When side mixing predominates 
(sL/v>>1), Equation (9) reduces 
to 


(14) 


and from Equation (5) 


hy = V/ Km Pm CS (15) 


Equation (15) is believed to rep- 
resent the usual condition where 
transfer surfaces are large and the 
beds are turbulent. Values of S, 
(assumed to be s) obtained in the 
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TABLE 1.—PROPERTIES OF SOLID MATERIALS 


No. 15 Micro- Microspheres (as received) 
glass spheres Not 
beads (as used) Dried Dried* 
Packed-bed density, lb./cu. ft.) 
Loose packed ¢ 91.6 29.0 32.8 29.6 
Dense packed tf 99.0 35.0 ates 34.9 
Quiescent packing** 84.3 25.0 


Particle density, by water 
displacement, Ib/cu. ft. 153 137.7 120.3 136 


Total void fraction (including 
internal voids) 


Loose packed 0.401 0.789 0.726 0.782 
Dense packed 0.353 0.749 0.690 0.743 
Quiescent packing 0.449 0.818 

Extra-particle void fraction 
Dense packed 0.35 0.29 
Quiescent packing 0.45 0.493 

True particle density, lb./cu. ft. 153 49.37 

Average particle diameter, in. 0.0032; 0.0027 


*Oven-dried at 220°F. 
tAfter being gently poured into container. 
tAfter prolonged tapping of container. 
**From pressure gradient in fluidized condition, extrapolated to quiescence. 
{From analysis of thermal conductivity data. Assumed to include internal voids of 
individual particles as parts of the particles. 


present experiments and believed gi? , 

to represent a typical order of (16) 
magnitude were about 4 and 10 faz, \3 

for fluidization of the glass erf ( ) 


beads and the microspheres re- 


spectively. and for s>0 Equation (16) can be 
It should be noted that all equa- shown to yield the analogue of 
tions developed here are for con- Equation (10), viz., 


stant-temperature surfaces. If con- 
stant-flux (electrically heated) sur- 


faces are used, the constant 1/\/7x, 
in Equation (2) becomes 2 
and a different definition of the (17) 
average coefficient is required. The 
constant-flux analogue of Equation It can be seen that when laminar 
(13) is flow past the surface predominates, 
TABLE 2.—MEASURED CONDUCTIVITIES OF BEDS 
Estimated 
Conductivity of quiescent 


~ Gas conductivity dense bed, conductivity, 
Interstitial gas B.t.u./(hr.)(ft.)((F.) B.t.u./(hr.)(ft.)(°F.) _B.t.u./(hr.) (ft.) °F.) 


Solid: glass beads; bed density: 99.0 lb./cu. ft. 


Air 0.0149 0.0895 0.0620 
0.0148 0.0938 0.0650 
0.0149 0.0893 0.0619 
0.0149 0.0930 0.0645 
0.0149 0.0923 0.0639 
Helium 0.0823 0.2188 0.1760 
0.0823 0.2295 0.1850 
Methane 0.0188 0.1109 0.0783 
Ammonia 0.0140 0.0867 0.0597 
Argon 0.0101 0.0687 0.0462 
Freon-12 0.00597 0.0484 0.0314 
0.00594 0.0506 0.0328 
Solid: microspheres; bed density: 35.0 lb./cu. ft. 
Air 0.0155 0.0505 0.0328 
0.0155 0.0515 0.0335 
Helium 0.0839 0.0989 0.0928 
0.0840 0.0980 0.0921 
Methane 0.0201 0.0570 0.0390 
Ammonia 0.0132 0.0476 0.0300 
Argon 0.0104 0.0422 0.0254 


The estimated conductivities of the solid particles used in fitting the data to the 
Schumann-Voss relation (Figure 12) were glass beads, 0.7 B.t.u./(hr.)(ft.)(°F.); micro- 
spheres, 0.106 B.t.u./(hr.)(ft.)(°F.). These two conductivities were not measured 
directly and should be regarded as approximate. 
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an electrical heater will give local 
coefficients 57% greater than would 
an isothermal heater. Equations 
(14) and (15), however, apply to 
both types of heaters when side 
mixing predominates. 

It is not expected that the equa- 
tions developed above can be used 
at present to predict heat transfer 
with assurance. For this purpose 
dependable means of predicting 
solid motion are needed. Experi- 
mentally the equations may serve 
this end by allowing determina- 
tion of solid motion by means of 
heat transfer measurements. The 
above-mentioned development was 
carried out chiefly to allow a quali- 
tative understanding of the mech- 
anism here proposed. 


TEST OF THE MECHANISM 


Because solids motion cannot be 
independently determined, it might 
appear impossible to test the pro- 
posed mechanism. However, this is 
only partly true. The tests that will 
be presented are based on the as- 
sumption that if the heater-bed con- 
figuration is the same, the bed mo- 
tions characterizing S will be nearly 
the same for a given solid when 
fluidized at the same gas rate, inde- 
pendent of the physical properties 
(i.e., viscosity and density) of the 
gas. This assumption cannot be cata- 
gorically proved; nevertheless, on the 
basis of it a remarkable consistency 
can be shown to exist among the 
heat transfer measurements made, a 
consistency that would be very un- 
usual if the assumption were not a 
reasonable one. 

Granting that bed motion is nearly 
independent of gas viscosity and 
density, consideration of the equa- 
tions developed in the last section 
shows that the heat transfer coeffi- 
cient should vary as the square root 
of the packet conductivity (i.e., the 
conductivity of the quiescent bed) so 
long as packet density and heat ca- 
pacity remain constant. Mechanisms 
depending on a gas- or solid-film 
model would, on the other hand, yield 
variations of the coefficient directly 
with gas or packet conductivities. For 
this reason, experiments were carried 
out in which heat transfer coefficients 
were measured in beds of solids fluid- 
ized with several different gases. The 
conductivities of beds of these solids 
were also measured. 


EXPERIMENTAL PROCEDURE 


The bed in which heat transfer 
coefficients were measured is shown 
in Figure 6. The fluidization section 
was a 4-in. I.D. tube and the heater 
was a 6-in. section of %4-in. stainless 
steel tubing. The heater was sup- 
ported coaxially in the bed by copper 
rods at either end. Heat was supplied 
by passing current through the length 
of the tube wall, the heat output be- 
ing obtained from the measured cur- 
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TABLE 3.—SUMMARY OF EFFECTS OF 


Exponent 
Variable in Eq. (20) 
Particle diameter, D, a 
Quiescent density, pm a2 
Gas viscosity, as 
Gas velocity, as 
Gas density, Dg as 
Heater length, L a6 
Solids concentration, q, ay; 


Other factors include: 


VARIABLES ON THE STIRRING FACTOR, S 


Experimental values 


of exponents Reference 
—0.6, —1.2 1,7 
—1.1 Present 
Small Present 
Widely different effects noted, 
power function inadequate 
—0.2 <a; <0.2 Present 
sL 
—1.0 (~ small ) to Present 
v 
SE 
o(~ lar) 
v 


. Size and geometry of bed and heater 


. Type of heater, constant-temperarure, constant flux, or other 


2 
3. Particle roughness 
4 


Adsc ption of vapors on particle surfaces 


Fig. 10. Isometric sketch of the 


heater probe. 


WATER INLET 


GAS OUTLET~<— _| 


THERMOCOUPLE 
= LEADS 


POLYME THYL-ME THA- alk 
4] 
1857 
& |_ /CE_ BATH 


_ RUBBER PLUG 


DOORS 


A 


GAS INLET—> 


| WATER OUTLET 


STAINLESS-STEEL TUBE 
18 GAUGE , 0.252" 0.0. 


ALUMINUM TUBE 
0.929" 1.D., 1.00" 0.0. 


HEATERLEAD  \waTER RECIRCULATED 
TO WATER INLET 
Fig. 11. Apparatus for determina- 


tion of thermal conductivities 
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Fig. 12. Conductivities of beds of packed solids. Measured conductivities are 
shown correlated with Schumann-Voss relation. Quiescent conductivities were 
obtained from plot by allowing for change of void fraction. 


Page 380 


A.LCh.E. Journal 


0 


rent and known resistance of the 
tube. Bed and heater temperatures 
were measured thermoelectrically, the 
heater thermocouple being inside the 
tube at the middle but electrically 
insulated from it. 

During operation, gas was re- 
cycled to the bed through a totally 
closed system which included a cool- 
ing section and calcium chloride drier. 
Table 1 gives properties of the two 
solid types. The quiescent velocities 
for these solids, as detected by the 
onset of bed manometer fluctuation, 
were small compared with the fluidiz- 
ing velocities used. Quiescent densi- 
ties of the fluidizing solids were esti- 
mated from the solids concentrations 
obtained at very low gas velocities. 
These densities, which are given in 
Table 1, were, within experimental 
precision, independent of the gas 
used. 

The heat transfer coefficients ob- 
tained are shown in Figures 7 and 
8. In the odtaining of these coeffi- 
cients the temperature difference be- 
tween heater and bed was given by 
bucking thermocouples. Fluctuations 
of the temperature difference of up 
to +10% were observed over short 
intervals of time even though the 
heating current was constant. Each 
of the coefficients given is based on 
the average of about thirty readings 
of the temperature difference taken 
over a period of 10 to 15 min. 

Some supplementary data obtained 
with a very small heater probe in- 
serted various distances into the air- 
microsphere bed are shown in Figure 
9. The probe (Figure 10) was a strip 
of platinum ribbon %-in. long, 0.072 
in. wide, 0.0010 in. thick, its major 
surface being used in a vertical plane 
with the long dimension horizontal. 
The ribbon was heated by direct cur- 
rent, and from its resistance the 
average temperature was obtained. 
From this temperature and the cur- 
rent, coefficients were calculated, al- 
lowance being made for conduction 
losses at the ends and the variation 
of temperature along the length of 
the ribbon. 

The conductivities of the packed 
solids in the presence of the various 
gases were measured in a cylindrical 
apparatus shown in Figure 11. Al- 
though the conductivities of quiescent 
packing were desired under the meas- 
urement conditions, the solids were 
dense packed. The correlations of 
Schumann and Voss(10) were used 
to adjust the measured values for 
the difference between these two 
packings. Both the measured and the 
adjusted values are given in Table 
2, and these data are shown in Fig- 
ure 12, superimposed on the Sehu- 
mann-Voss correlation. 


RESULTS 


1. Probably the most significant 
result appears when the heat trans- 
fer coefficients obtained with the 
various gases are compared with 
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the quiescent conductivities of the 
beds. This has been done in Fig- 
ures 13 and 14, and it can be seen 
that for the most part the heat 
transfer coefficient appears to vary 
as the 0.52-0.55 power of the quies- 
cent conductivity for a given solid 
and given gas velocity. The major 
deviation from this rule occurs in 
the case of the coefficients obtained 
with the ammonia-microsphere sys- 
tem, for which the coefficients are 
30 to 40% too high. This dis- 
crepancy has a reasonable and re- 
vealing explanation, which will be 
discussed below. Except for this 
one case, the data are consistent, 


the deviations being easily at- 
tributable to experimental error or 
to small systematic effects of gas 
viscosity and density on the bed 
dynamics. 

The consistency of the data in 
these two figures constitutes major 
evidence for the correctness of the 
proposed heat transfer mechanism. 
The effect of quiescent conductivity 
is very closely the square-root vari- 
ation expected. If, on the other 
hand, heat transfer had been con- 
trolled by conduction through a 
laminar layer of solid, the expected 
variation would have been as the 
first power of quiescent conduc- 
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Fig. 18. Microspheres: the heat transfer coefficient as a function 
of quiescent-bed conductivity. 
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Fig. 14. Glass beads: the heat transfer coefficient as 
a function of quiescent-bed conductivity. 
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tivity. If a gas film had been the 
controlling factor, the variation 
should have been as the first power 
of gas conductivity, and, since, 
with the gas-solid systems em- 
ployed, quiescent bed conductivity 
varied as about the 2/3 power of 
gas conductivity (see Figure 12), 
the slopes in Figures 13 and 14 
would have been approximately 1 + 
35. 

It is concluded that the packet 
mechanism is a reasonable picture 
of the heat-transfer process in 
fluidized beds. 

2. The measured coefficients 
varied only slightly with gas veloc- 
ity. Such a lack of important in- 
fluence of gas velocity has been 
previously reported by some in- 
Others have found 
variations ranging from nearly di- 
rect to inverse. The reason for this 
variety of results is not clear and 
is certainly deserving of further 
attention. 

In this respect it should be noted 
that the heat transfer coefficients 
obtained with the small heater 
probe (Figure 9) display a variety 
of effects of gas velocity. The in- 
terpretation of these probe data is 
somewhat speculative, but they 
seem to indicate that fluidization 
at the lowest velocities occurred 
only at the center of the bed, i.e., 
that there was “bubble channeling.” 
As the gas velocity was increased, 
fluidization quickly extended to the 
rest of the bed. It is believed that 
the drop-off of the coefficients near 
the center of the bed at the higher 
velocities resulted from the ten- 
dency of gas bubbles to congregate 
there, leaving the small probe fre- 
quently out of contact with solid 
material. Apparently in the vicinity 
of vertical surfaces (the wall and 
the central heaver) the solid con- 
centration remained high. It can 
be concluded that the bed was not, 
in general, homogeneous, that solid 
preferentially sought the vicinity 
of large surfaces while the gas 
bubbles crowded into the spaces 
between and away from such sur- 
faces. 

That much higher coefficients 
were obtained with the heater 
probe is believed attributable to 
the small size of the probe com- 
pared with the central heater. 

3. There was no noticeable inde- 
pendent effect of solids concentra- 
tion on heat transfer. In some 
cases different gases gave signifi- 
cantly different. solids concentra- 
tions at the same gas rate. These 
differences had no noticeable cor- 
relation with heat transfer nor did 
they correlate systematically with 
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the viscosities and densities uf the 
gases. 

4. Increasing the gas pressure 
from 1.0 to 1.3 atm. had no notice- 
able effect on heat transfer when 
the superficial velocity was main- 
tained constant. 

5. Comparison of the coefficients 
obtained with microspheres with 
those obtained with glass beads 
indicated that density, as charac- 
terized by quiescent density, had 
almost no effect on the heat trans- 
fer coefficient, i.e., that S varied 
as the —1.1 power of quiescent 
density, thereby nearly canceling 
the effect of quiescent density indi- 
cated by ¢,, in Equations (1) to 
(15). This result would seem to 
indicate that lighter particles move 
faster at equal fluidization veloci- 
ties. 

6. The ammonia - microsphere 
system behaved paradoxically. It 
has already been noted that with 
this system the heat transfer co- 
efficients were higher than ex- 
pected. When ammonia was first 
introduced into the microsphere 
bed, a large heat evolution was 
noted, and it was concluded that 
adsorption of ammonia was occur- 
ring on the porous microspheres. 
This conclusion was substantiated 
by the fact that the microspheres, 
which displayed a quiescent density 
with other gases before and after 
their fluidization with ammonia of 
25.0 lb./cu.ft., had a quiescent 
density of about 29.8 lb./cu.ft. in 
the presence of ammonia. Because, 
as stated in section 5 above, heat 
transfer is nearly independent of 
quiescent density, the increased 
weight of the particles could not 
be the main source of the 30 to 
40% excess in the ammonia-micro- 
sphere coefficients. 

However, the heat capacity of 
liquid ammonia is high, viz., 1.163 
B.t.u./ (Ib.) (°F.). The microspheres 
themselves have a heat capacity of 
about 0.16 B.t.u./(lb.) (°F.). As- 
suming that the adsorbed ammonia 
behaves as the liquid, the saturated 
microspheres would have a heat 
capacity of 
[(0.16) (25.0) + 1.163 (4.8) ]/29.8 

From Equation (15) it would 
be expected that the saturated 
microspheres would display coeffi- 
cients higher by an amount equal 
to the ratio of the square roots of 
the heat capacities. Since the ratio 
of the heat capacities is 0.32/0.16 
= 2, and since V2 = 1.41, a 40% in- 
crease can be adequately explained. 
This only explains in part the mis- 
behavior of the ammonia-micro- 
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sphere system, for at lower gas 
velocities, below 0.2 ft./sec., the 
coefficients obtained were only 
about 30% too high. In Figure 8 it 
will be noted that for the ammonia 
-glass bead system there is a 
similar drop-off of the coefficients 
at low gas velocity. The glass beads 
were nonporous and gave no gravi- 
metric evidence of ammonia ad- 
sorption; however, it appears like- 
ly that some of the gas condensed 
on the glass surfaces. Such con- 
densation has been found by other 
investigators to cause bed particles 
to stick together and to increase 
the probability of channeling. 


DISCUSSION 
Effect of Particle Size 


The present investigation in- 
cluded no direct determination of 
the independent effect of particle 
size. Other investigators have uni- 
versally found that with a given 
bed and heater and the same gas 
and solid type the heat transfer 
coefficient increases as the average 
particle size diminishes. Mickley 
and Trilling(7) found that h 
« and Baerg et al.(1) found 
that ha The usual interpre- 
tation has been that the effect is 
due to the reduction in thickness 
of a gas film which offers appreci- 
able resistance to the conduction 
of heat between heater and solid 
particles. But the present work 
shows that no such appreciable gas- 
film resistance is present. 

Here the alternative proposal is 
made that the particle-size effect 
is one of bed motion, that beds, of 
smaller particles circulate fresh 
solid to contacting walls more 
rapidly at a given gas velocity. In 
terms of Equations (1) to (16), 
this means that the stirring fac- 
tor S is a decreasing function of 
particle diameter. 


Effects of Solids Concentration 


As has been mentioned, no inde- 
pendent effect of solids concentra- 
tion (the ratio of apparent bed 
density to quiescent density) was 
noted in the present investigation. 
However, Mickley and Trilling, em- 
ploying a higher range of gas 
velocities (1 to 6 ft./sec.), found 
that the heat transfer coefficient 
varied as the 0.48 power of solids 
concentration. This effect implies 
that S, the stirring factor, varies 
as the 0.96 power of solids con- 
centration at high gas velocities. 

One possible (but not a unique) 
interpretation of this relationship 
is that, when it applies, the heated 
surface is only partially covered 
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with solid and that, more precisely, 
the average fraction of the heated 
surface in contact with dense-phase 
material is directly proportional to 
the solids concentration. Meanwhile 
the rate of formation of fresh area 
of contact is independent of solids 
concentration. 

Actually, this seems to be a rea- 
sonable picture of a slugging bed, 
but it is to be recognized that, at 
the higher gas velocities, mech- 
anisms other than the one here 
proposed may be important in de- 
termining the total resistance of 
the bed to heat transfer. 


Mass Transfer to Fluidized Beds 


Recently Van Heerden, Nobel, 
and Van Krevelen(11) investigated 
the transfer of naphthalene to 
fluidized beds of coke and De- 
varda’s alloy. A ring of naphtha- 
lene 6 cm. high was coated on the 
inner wall of the bed, and with air 
blowing through the bed at a su- 
perficial velocity of 0.42 ft./sec. 
the mass-transfer coefficients were 
determined. It was noted that with 
both types of solid the value of the 
coefficient declined rapidly with in- 
creasing temperature. The coke 
bed, for instance, yielded a coeffi- 
cient, k,, of 9.3 cm./sec. at 5.1°C., 
whereas at 33.0°C. k, was 1.45 
em./sec. Heat transfer coefficients 
were also determined to a_ heat 
transfer ring, also 6 cm. high, 
placed in the beds in the same place 
as the naphthalene surface. The air 
rate was the same as before (0.42 
ft./sec.). It is illuminating to study 
these data in the light of the pic- 
ture of the fluidization mechanism 
that has been developed here and, 
especially, to determine what rela- 
lationship may exist between the 
processes of mass and heat trans- 
fer. 

It will be assumed that mass 
transfer occurs in a manner com- 
pletely analogous to the mechanism 
already developed for heat trans- 
fer. On the basis of this assump- 
tion, it is easily shown that the 
mass transfer analogue of Equa- 
tion (1) is 


7 (ys — ye) (18) 
where 
N,, = rate of mass transfer, g./sec. 


A,, = area of transfer surface, sq. 
cm. 


September, 1955 


n 
0 
t 
0 
i 
t 
I 


| 
| 
4 
| 
) 
| 
) 
) 
C 
) Ys | 
| 


D,, = diffusion coefficient of the 
transferring component 
through the dense phase, sq. 
cm./sec. 

= density of the dense phase, 

Cy = mass-capacity coefficient of 
the adsorbent (see below for 
full definition), dimension- 
less 

«= age or time of contact of the 
adsorbent packet with the 
surface, sec. 

Ys = saturation concentration of 
the diffusing component in 
the vapor phase when in 
equilibrium with the solid, 
g./ce. 

= concentration of the volatile 
material in the gas phase of 
the main body of the bed, 
ce: 


The mass-capacity coefficient C,, 
needs fuller explanation. The “mass 
capacity,” Cy/y,, is the analogue 
of the heat capacity and represents 
the mass of additional adsorbate 
which will be retained by unit mass 
of the adsorbent following a unit 
increase in the concentration, y,, 
of adsorbate in the vapor phase; 
that is, if at constant, temperature 
N, represents the grams of ad- 
sorbate retained on 1 g. of ad- 
sorbent, then 


Cu ) 
dN, = ( dye (19) 


The value uf Cy can be deter- 
mined from the adsorption iso- 
therms of the components involved. 
It should be noted that Cy is not 
independent of the vapor concen- 
tration, y,. For the present pur- 
pose some value typical of the 
range of concentration from y, to 
Y, is to be selected. Referring to 
Figure 15, which shows two ad- 
sorption isotherms for naphthalene 
and coke(11), the value of C,, is 
estimated from the slope of the 
dashed line as 0.000245 at 3.5°C. 
and as 0.000274 at 17.7°C. From 
Figure 15 the value of C,, for De- 
varda’s alloy and naphthalene will 
be taken as 0.0000202 at 0.7°C. It 
is also to be noted that although 
Cy, the mass-capacity coefficient, is 
relatively insensitive to tempera- 
ture in the present case of physi- 
cal adsorption, the mass-capacity 
Cy/y, decreases markedly with in- 
creasing values of the saturation 
concentration, y,, and thus with 
increasing temperature. 

From Equation (18), by direct 
analogy to the development of 
Equation (9) from Equation (1), 
it may be shown that 
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Fig. 15. Adsorption isotherms for 

naphthalene on coke and Devarda’s 

alloy. Data of Van Heerden, Nobel, 
and Van Krevelen(11). 
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Fig. 16. Comparison of experimental 

mass transfer coefficients with values 

predicted from heat transfer coeffi- 

cients. Data of Van Heerden, Nobel, 
and Van Krevelen(i11). 


= Vp, Cur “)s (20) 


where k, is the average mass trans- 
fer coefficient between bed and wall 
(em./sec.) 

If reasonable values can be esti- 
mated for the mass transfer and 
thermal properties of the beds, it 
should be possible to evaluate the 
“stirring term,” S, from the meas- 
ured heat transfer coefficient and 
to use this value in Equation (20) 
to obtain the mass transfer co- 
efficient. The estimated mass 
transfer coefficients may then be 
compared with those obtained ex- 


perimentally by Van Heerden, . 


Nobel and Van Krevelen. 

Exact data are not available for 
the properties of quiescent coke or 
Devarda’s alloy, and some approxi- 
mation is necessary. 

By use of the data of Dow and 
Jakob(3) for fluidized coke, the 
quiescent void fraction is estimated 
as, ¢, = 0.634. Since coke is a rela- 
tively high-conductivity solid, it is 
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estimated, with the aid of reference 
10, that k» = 2.7 «, =2.7 X 0.016 = 
0.043 B.t.u./(hr.) (ft.) (°F.). The 
heat capacity of coke is taken as 
ce=0.223 B.t.u./(lb.) (°F.). The 
quiescent density is taken as 44.4 
lb./cu.ft. or 0.713 g./cc. 
From Equation (9) 


Kin 


(21) 


Van Heerden et al. obtained a 
heat transfer coefficient with coke 
of 230 Joules/(sq.meter) (°C.) 
(sec.) or 40.25 B.t.u./(hr.) (sq. 
ft.) (°F.). By means of Equation 
(21) a value of S = 1.056 sec.-! is 
calculated. 

Data are available for the dif- 
fusion coefficient of naphthalene in 
air, and if it is assumed that there 
is relatively little diffusion through 
the coke particles, a relation de- 
veloped by Maxwell(5) allows the 
estimation of the over-all diffusion 
coefficient of napthalene through a 
bed of void fraction, «,, = 0.634. 
This gives D,,=0.535 D where 
D is the diffusivity of naphthalene 
into air with no obstruction pres- 
ent in the diffusion path. Substi- 
tuting the necessary values into 
Equation (20) (shifting to c.g.s. 
system of units) gives 


'(0.535) D (0. 713). (1.056) 


Figure 16 shows this relation- 
ship plotted as a dashed line with 
the data of Van Heerden et al. 
superimposed. The data for De- 
varda’s alloy were treated simi- 
larly and are also plotted. 

It is to be noted that notwith- 
standing the possible imprecision 
of some of the estimated bed prop- 
erties used in the calculations, the 
magnitude of the experimental 
mass-transfer coefficients is fairly 
well predicted. Perhaps even more 
significant is that a decrease in the 
coefficient obtained with increas- 
ing temperature is predicted in 
fair accordance with the observed 
behavior. It is concluded that this 
decrease in coefficient with increas- 
ing temperature is due to the in- 
crease in vapor pressure of the 
adsorbate and consequent reduc- 
tion in the “mass capacity” of the 
adsorbent. 

The ability to correlate mass 
and heat transfer seems to offer 
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further confirmation for the pro- 
posed transfer mechanism. 


CONCLUSION 


The results of the present in- 
vestigation indicate that the princi- 
pal resistance to the transfer of 
heat or mass from surfaces to 
dense fluidized beds exists in the 
layers of solid particles nearest 
the surface. The rate of transfer 
appears to be controlled by the 
unsteady state diffusion of heat or 
mass into this layer and by the 
rate of replacement of parts of 
this layer with solid from the bed 
core. There is no evidence of a 
steady state film of gas or solid 
offering significant resistance. 

The functional relationship of 
the heat-transfer coefficient to 
other bed properties is adequately 
comprehended by equations of the 
form 


h= pnceS (9) 


where S, the stirring factor, ac- 
counts for the type and degree of 
bed motion and also may be af- 
fected by the type, size, and posi- 
tion of the heat source. At the 
present time too little is known 
about bed motion in the vicinity of 
surfaces to relate S analytically to 
the parameters suspected of de- 
termining bed motion. It is be- 
lieved to be a function of many 
variables; thus 


S= $1 (Dp, Pm) Mg Vo» Po L, Qs, 
and others) (22) 


Some of the functional varia- 
tions have been determined both 
here and by other investigators. 
Thus if the foregoing equation 
could be represented as a product 
of powers of the factors, i.e., 


ai ag a3 744 a5 a6 
S = Dp pm © © Vo Lae 


as © (other factors) (23) 


the values for the exponents that 
have been mentioned in the present 
paper are summarized in Table 3. 

More work on the mechanics of 
fluidized beds is needed if it is to 
be possible to predict heat trans- 
fer coefficients adequately. It is 
recommended that data be reduced 
to the form 


(21) 
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and that the correlation of S with 
operating variables and the char- 
acteristics of the solids be made. 

It should be noted that if trust- 
worthy data are available for a 
bed-heater system fluidized with 
one gas, the present findings make 
possible the prediction with fair 
reliability of coefficients with an- 
other gas. 

However, until heat transfer 
data more: comprehensive than 
those presently available appear, 
the use of stirring-factor correla- 
tions based on such data must be 
treated with caution when applied 
to uninvestigated ranges of the 
many variables. 


NOTATION 
A = area of heat transfer surface, 
sq.ft. 


A,, = area of packet in contact with 

heat transfer surface, sq.ft. 
a,-d; = exponents in Equation (23) 
Cy = mass-capacity coefficient of 


solid adsorbent, dimension- 
less 
c=heat capacity of fluidized 


solid, B.t.u./ (Ib.) (°F.) 

D = diffusion coefficient of trans- 
ferring component through 
fluidizing gas, sq.cm./sec. 

D,, = diffusion coefficient of trans- 
ferring component through 
fluidized solid-gas mixture, 
sq.cm./sec. 

D,, = average diameter of the fluid- 
ized particles, ft. 

erf =error function 

éxp = exponential function 

h = coefficient of heat transfer 
from surface to bed (time 
and local-area average), B.t.u. 

h,= instantaneous heat transfer 
coefficient, B.t.u./ (hr.) (sq.ft.) 
(°F.) 

hz, = local time-average heat trans- 
fer coefficient, B.t.u./(hr.) 
(sq.ft.) (°F.) 

k, = coefficient of mass transfer 
from surface to bed (time 
and local-area average), cm./ 
sec. 


L=length of heater from upper 
edge, ft. 

N,=amount of component ad- 
sorbed per unit of adsorbent, 
g./g. 

N,, = instantaneous mass transfer 
rate between bed and surface, 
g./sec. 

Gm = instantaneous heat transfer 
rate between bed and surface, 
B.t.u./hr. 


S = area-mean 
hr.-1 


stirring factor, 
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S,= local stirring factor 

s=fraction of heater-surface 
area contacted by fresh pac- 
kets from the main body of 
the bed per unit time, sq.ft./_ 
(hr.) sq.ft. 

T = temperature, °F. 

t = time, hr. 

V, = superficial fluidizing-gas ve- 
locity, ft./sec. 

v = average downward velocity of 
solid past a vertical surface, 
ft./hr. 

Y, = concentration of component in 
gas-phase, g./cc. 

Ys, = concentration of component in 
gas phase in equilibrium with 
adsorbent, g./cc. 

Solids concentration, ratio of 
bed density to quiescent den- 
sity 

ém = void fraction of quiescent bed 

k,=thermal conductivity of fluidiz- 
ing gas, B.t.u./(hr.) (°F.) 
(ft.) 

km = thermal conductivity of quies- 
cent bed, B.t.u./ (hr.) (°F.) 
CEES) 

=Vviscosity of fluidizing gas, 
centipoises 

= density of fluidizing gas, lb./ 
eu-tt. 

0m = density of quiescent solid, lb./ 
cu.ft. 

<= packet age, i., time during 
which packet has been in con- 
tact with surface, hr. 

v(c)= frequency of occurrence, at 
a point on the heater surface, 
of packets of age +, hr.-} 

nm = 3.14159 

¢(#)= function of x 
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Diffusion Coefficients in Hydrocarbon Systems: 


n-Hexane in the Gas Phase of the Methane—, Ethane—, and 


Propane—n-Hexane Systems 


L. T. Carmichael, B. H. Sage, and W. N. Lacey 


California Institute of Technology, Pasadena, California 


Experimental information concerning the molecular transport of the lighter 
hydrocarbons in the gas phase is limited. For this reason a study was made of the 
Maxwell diffusion coefficients of n-hexane in the gas phase of the methane—n-hexane, 


and propane—n-hexane systems. 


Maxwell diffusion coefficients were determined at steady state for pressures up to 
70 \b./sq. in. at temperatures between 70° and 220°F. The effects of interfacial 
resistance were considered and uncertainties as to the behavior at the end of the 
transport path were eliminated. Coefficients were reported with partial pressure and 
with fugacity as the potentia:. Fick diffusion. coefficients were calculated for each 
component on the assumption that the gas phase was an ideal solution. 

These data indicated that the Maxwell hypothesis with fugacity as the potential 
in an ideal solution is a fair description of the transport characteristics of the lighter 
hydrocarbons in the gas phase at relatively low pressures. A regular decrease in the 
Maxwell diffusion coefficient with an increase in the molecular weight of the stag- 


nant component was observed. 


The molecular transport of com- 
ponents in the gas phase has been 
the subject of many investigations. 
The work of Maxwell(12) and 
Stefan (25, 26,27) laid a satisfac- 
tory foundation for the treatment 
of such processes in situations 
where the kinetic theory may be 
applied. Chapman and Cowling (7) 
extended the analysis to include 
the effects of changes in composi- 
tion, and Enskog(8) contributed 
materially to an understanding of 
such phenomena in gases at ele- 
vated pressures. Recently a review 
of experimental work in this field 
was presented(21,22), and sum- 
maries of the basic equations of 
transport are available(10). It does 
not therefore appear necessary to 
review the literature of gas-phase 
diffusion or to consider in detail 
the derivation of the basic equa- 
tions of transport. 

Drickamer’s(16,29) active pro- 
gram is an example of the current 
interest in the field of molecular 
diffusion* in the gas phase. Little 
experimental work is available con- 
cerning the diffusion coefficients of 
the lighter hydrocarbons in the gas 


*Molecular diffusion here refers to that com- 
ponent of material transport which is not due 
to turbulence and does not imply the very 
low-pressure phenomena to which this term is 
also applied. 
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phase even for low pressures. 
Schlinger(21) measured the Max- 
well diffusion coefficients of n-hep- 
tane and n-hexane in air at atmos- 
pheric pressure for temperatures 
from 100° to 220°F. Recently Car- 
michael(4) reported the coefficients 
of methane and n-heptane in the 
gas phase of the methane—n-hep- 
tane system. The work was carried 
out at pressures up to 70 lb./sq.in. 
in the temperature interval be- 
tween 100° and 220°F., and the re- 
sults indicated good agreement of 
the experimental data with the 
Maxwell hypothesis. 

Drickamer recently reported ex- 
perimental evidence(24, 30,31) of 
a resistance at an interface as- 
sociated with a transport process. 
Schrage(23) predicted that such 
resistances are of primary impor- 
tance at low pressures where the 
mean free path of the molecules 
becomes large. Schlinger(21) and 
Carmichael(4) found the resistance 
at the gas-liquid interface of the 
n-heptane—air, the n-hexane—air, 
and the n-heptane—methane sys- 
tems to be small. 

The present work involved the 
measurement of the diffusion co- 
efficients of n-hexane in the gas 
phase of the methane-, ethane-, 
and propane—n-hexane systems for 
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pressures up to 70 lb./sq. in. in 
the temperature interval between 
70° and 220°F. The experimental 
measurements were made under 
steady conditions and regard was 
taken of the resistance at the in- 
terface and of possible variations 
in the effective transport length as 
a result of nonuniform conditions 
at each end of the transfer path. 
In addition, the Fick diffusion co- 
efficients of each of the components 
were calculated as a function of 
pressure, temperature, and com- 
position. Throughout this discus- 
sion and in the associated figures 
the pressures are reported in 
pounds per square inch absolute 
or pounds per square foot absolute. 


METHODS AND APPARATUS 
The details of the methods and the 
apparatus employed have been de- 
scribed(5). Figure 1 depicts sche- 
matically the steady state equipment 
used for the present measurements. 
The n-hexane in the liquid phase was 
introduced at a known rate into the 
chamber A and flowed upward 
through the porous disk B. After 
evaporation at the upper surface of 
the porous disk it diffused through 
the gas phase in the working section 
C and was withdrawn from the ap- 
paratus at D by circulating the stag- 
nant component, which was brought 
to equilibrium with n-hexane liquid 
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at 32°F. in the condenser. The rate 
of introduction of the n-hexane into 
the diffusion cell as a liquid at B 
was measured with a probable error 
of 0.1% and was maintained by the 
use ef a modulated electric drive for 
a mechanical injector. The speed of 
the drive was controlled by means 
of a quartz oscillator and a suitable 
electronic circuit(15). Supplemental 
electrical heaters were provided at A 
of Figure 1 in order to permit the 
temperature of the liquid evaporat- 
ing at B to be controlled within small 
limits. Multijunction platinum-con- 
stantan thermocouples were employed 
to establish the temperature of the 
evaporating liquid with a probable 
error of less than 0.03°F. Attain- 
ment of steady state was indicated 
by the constancy of the level of the 
meniscus in the capillary manometer 
E, which also indicated constancy of 
the exposed surface of liquid in the 
porous disk. Most of the measure- 
ments were made with a capillary 
depression of approximately 1 in. of 
n-hexane at the evaporationg surface 
B. 

The mole fraction of n-hexane at D, 
the upper end of the transport path, 
was maintained at a steady small 
value by the circulation of the stag- 
nant component across the upper end 
of the diffusion cell. The gaseous 
mixture of the stagnant component 
and n-hexane being circulated was in 
equilibrium with a liquid phase of 
this system at 32°F. at the pressure 
of measurement. To avoid large 
effects from convection at the upper 
end of the diffusion cell, the circulat- 
ing gas was introduced through the 
interstices of a tube bundle located 
in the upper part of the cell. The 
gas was returned through the in- 
terior of the tubes of the bundle to 
the condenser. Circulation was main- 
tained by means of a small centri- 
fugal blower in the external circuit. 
Details of the condenser have been 
described (5). 

The temperature of the diffusion 
path was known with a _ probable 
error of 0.05°F. from the interna- 
tional platinum scale, and variations 
with time and position were less than 
0.02°F. The temperature of the sur- 
rounding oil bath was controlled by 
means of a platinum resistance ther- 
mometer which actuated a modulating 
circuit(15) through a galvanometer 
and photoelectric cell combination. 
The temperature was related to the 
international platinum scale by means 
of a resistance thermometer of the 
strain-free type(14), which was com- 
pared with the indications of a simi- 
lar instrument which had been cali- 
brated at the National Bureau of 
Standards. 

The pressure of the system was 
determined by means of a multiple 
mercury-and-butyl phthalate man- 
ometer. The relative elevations of the 
six phthalate-mercury interfaces were 
determined by means of a cathe- 
tometer, the probable error in the 
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difference in elevation of the inter- 
faces being less than 0.003 in. Cor- 
rections were made for local gravity 
and for the temperature of the 
phthalate-and-mercury column as well 
as for irregularities in the pitch of 
the screw of the cathetometer. The 
probable error in the measurement 
of pressure was less than 0.01 Ib./ 
sq.in. However, during the investiga- 
tion of the ethane—n-hexane and the 
propane—n-hexane systems measur- 
able decreases in pressure were ob- 
served as a result of the large nega- 
tive partial volume of n-hexane in 
these systems. 

The change in length of the trans- 
fer path from one set of measure- 


ments to another was determined by 
means of a cathetometer and was 
known within 0.002 in. after suitable 
corrections for the effect of tempera- 
ture upon the dimensions of the 
equipment(4). An additional correc- 
tion to the actual length of the trans- 
fer path was made in order to take 
into account the end effects associ- 
ated with the evaporation of the 
liquid at the porous plate B of Fig- 
ure 1 and of the disturbance as- 
sociated with the circulation of the 
gaseous mixture at D(5). The com- 
position of the gas circulated at D 
was determined from the equilibrium 
behavior of the particular binary 
system at 32°F. for the pressure in 
question. This equilibrium informa- 
tion is based upon the data of Boomer 
and Johnson(3) for the methane— 
n-hexane system and upon ideal solu- 
tions(11) for the ethane— and pro- 
pane—n-hexane systems. The meas- 
urements of Michels and Nederbragt 
(13) together with recent compila- 
tions(17,19) were used to establish 
the volumetric behavior of methane, 
ethane, and propane; whereas the 
Benedict equation of state with the 
constants recently suggested by the 
originator(1) was used to determine 
the volumetric behavior of n-hexane 
in the gas phase. The fugacities of 
the components were also determined 
from the Benedict equation of state. 

The diffusion coefficients and the 
resistance at the interface were estab- 
lished by solution of each of the 
following equations(21) simultane- 
ously for at least two different trans- 
port lengths: 
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Fig. 2. Diffusion coefficients for n-hexane in the methane-n-hexane system. 
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TABLE 1.—MAXWELL DIFFUSION COEFFICIENTS FOR 2-HEXANE AND PROPERTIES IN THE GAS PHASE 


methane obtained from this source 


Temperature, Pend Vapor Fugacity Diffusion coefficient 
transport Compressibility factor pressure of pure Perfect Ideal 
Pressure, path, Stagnant n-hexane, n-hexane, gas, solution, 
lb./sq. ft. °F. component n-Hexane Ib./sq. ft. Ib./sq. ft. Ib. /sec. Ib./sec. 
Methane-n-hexane 
2,361 69.95 0.9976 0.9279 354.38 2,197 0.1149 0.1161 
7,141 69.74 0.9936 0.7360 354.24 5,445 0.1345 0.1358 
2,627 69.97 0.9974 0.9197 354.10 2,423 0.1164 0.1164 
2,929 100.00 0.9978 0.9300 711.36 2,727 0.1557 0.1584 
6,836 99.98 0.9950 0.8227 717.40 5,668 0.1730 0.1764 
6,545 159.99 0.9967 0.9001 2,279.52 5,877 0.2357 0.2439 
8,223 160.02 0.9960 0.8719 2,282.40 7,147 0.2438 0.2527 
7,366 159.98 0.9964 0.8875 2,268.00 6,556 0.2354 0.2439 
8.250 160.00 0.9960 0.8700 2,276.64 7,168 0.2323 0.2400 
8,403 220.00 0.9972 0.9180 5,748.48 7,679 0.2943 0.3130 
Ethane—n-hexane 
2,265 70.27 0.9920 0.9300 357.26 2,115 0.0902 0.0917 
3,061 100.54 0.9907 0.9265 720.00 2,842 0.1080 0.1107 
4,353 100.00 0.9867 0.8959 712.80 3,862 0.1145 0.1171 
7,276 99.94 0.9777 0.8091 711.36 6,006 0.1132 0.1167 
4,473 160.60 0.9899 0.9325 2,299.70 4,190 0.1536 0.1607 
8,275 160.32 0.9813 0.8705 2,289.60 7,183 0.1461 0.1534 
4,250 160.59 0.9904. 0.9363 2,278.10 3,995 0.1525 0.1593 
7.580 219.95 0.9873 0.9265 5,739.80 6,957 0.1856 0.1988 
Propane—n—hexane 

2,245 70.00 0.9829 0.9342 354.38 2,093 0.0443 0.0453 
2,919 100.00 0.9814 0.9308 712.80 2,694 0.0742 0.0765 
3,349 100.00 0.9785 0.9195 713.52 3,089 0.0697 0.0721 
4,320 160.00 0.9793 0.9353 2,278.10 4,037 0.1074 0.1128 
8,887 159.68 0.9565 0.8592 2,263.70 7,614 0.0976 0.1050 
4,859 160.30 0.9767 0.9270 2,288.20 4,499 0.1095 0.1148 
8,773 160.23 0.9570 0.8613 2,291.00 7,531 0.0938 0.1007 
8,718 220.32 0.9679 0.9149 5,771.50 7,847 0.1428 0.1532 

D mi by T (le—le) hydrous calcium sulfate at a pres- 

My k = (2) 
sure in excess of 200 lb./sq.in. A 
Z In Se — Sry t spectroscopic analysis indicated that 
P c 


te — fas Tri, 


Equation (1) assumes perfect gas 
behavior and employs partial pres- 
sure as the potential, whereas Equa- 
tion (2) is based upon an ideal solu- 
tion with fugacity as the potential. 
By proper choice of path lengths and 
transport rates it was possible to 
isolate to a large extent the effect 
upon the diffusion coefficient of un- 
certainties in transport length and of 
resistance at the interface. As was 
indicated earlier(5), the corrections 
to the transport length were found 
to be a single-valued function of the 
Reynolds number of the flow in the 
tube bundle F’ of Figure 1, which 
brought the circulating gas to the 
upper end of the transport path. 

Throughout all this work the weight 
rate of flow of the gaseous mixtures 
to the upper end of the transport 
path was maintained at known values 
between 4 X 10-6 and 8 X 10-6 lb./sec. 
The Reynolds number was taken as 
a linear function of the weight rate 
of flow at a given state, as indicated 
in the following expression: 


(3) 
+ 
n 


In estimating the Reynolds number 
of the flow in the tubes at the upper 
end of the diffusion path, suitable 
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small corrections were made for the 
effect of temperature and pressure 
upon the viscosity of methane, ethane, 
and propane when mixed with n- 
hexane (2, 18,20). Available calibra- 
tions(5) were employed to establish 
quantitatively the influence of the 
Reynolds number upon the effective 
length of the diffusion path. 


MATERIALS 


The sample of deaerated n-hexane, 
obtained from the Phillips Petroleum 
Company, had a specific weight of 
40.8817 lb./cu.ft. at 77°F. and atmos- 
pheric pressure, as compared with a 
value of 40.87932 reported by Rossini 
(17) for an air-saturated sample. 
The index of refraction at 77°F. rela- 
tive to the D lines of sodium was 
1.3737, as compared with the value 
for  air-saturated sample of 
1.37226 reported by Rossini(17) for 
the same temperature. It is believed 
that the sample employed contained 
only traces of air and less than 0.002 
mole fraction of material other than 
n-hexane. 

Methane was obtained from the 
San Joaquin Valley through the 
courtesy of The Texas Company and 
as received contained less than 0.002 
mole fraction of impurities. Before 
use it was passed over calcium 
chloride, activated charcoal, and an- 
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and subjected to the above-described 
treatment contained less than 0.001 
mole fraction of heavier hydrocar- 
bons, nitrogen or argon. 

Ethane and propane were obtained 
from the Phillips Petroleum Com- 
pany. The ethane was reported to 
contain less than 0.0006 mole fraction 
of impurities and was employed with- 
out further purification. There was 
no indication upon freezing in liquid 
air that the sample contained any 
quantities of volatile components. A 
spectroscopic analysis of the sample 
indicated that it contained less than 
0.0019 mole fraction of material other 
than ethane. The impurity was pre- 
dominantly ethene. The propane, re- 
ported to contain less than 0.002 
mole fraction of impurities, was sub- 
jected to a fractionation similar to 
that described for n-hexane. The 
sample employed contained less than 
0.0001 mole fraction of material 
other than propane, as indicated by 
spectroscopic analysis. 


RESULTS 


A total of twenty-six measure- 
ments of the rate of transport of 
n-hexane was made in the gas 
phase of the methane—n-hexane, 
ethane—-n-hexane, and propane-—n- 
hexane systems; the data there- 
from are available(6). The results 
of the calculation of the diffusion 
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coefficients from these experimental 
data are recorded in Table 1, which 
includes the pressure, temperature, 
compressibility factor, vapor pres- 
sure, fugacity, and diffusion coeffi- 
cients for each of the states in- 
vestigated. The vapor pressure of 
n-hexane was based upon the criti- 
cal review of Rossini(17). The 
fugacities were calculated from the 
Benedict equation of state utiliz- 
ing the coefficients proposed by the 
originator(1). The equation of 
state was employed to predict the 
fugacity and volumetric behavior 
for n-hexane at pressures in ex- 
cess of vapor pressure. In the ap- 
plication of Equation (1) it was 
assumed that the phases were per- 
fect gases and in the use of Equa- 
tion (2) that they were ideal solu- 
tions. 

The Maxwell diffusion  coeffi- 
cients were calculated from Equa- 
tions (1) and (2) by means of 
available information(5) concern- 
ing the small influence of Reynolds 


number, described in Equation (3), 
upon the effective length of the 
diffusion path. For these relatively 
low pressures there is little to 
choose between the diffusion co- 
efficients calculated on the basis 
of a perfect gas and those de- 
rived from the behavior ascribed 
to an ideal solution. Throughout 
the remainder of the discussion the 
Maxwell diffusion coefficients based 
upon fugacity as a potential in an 
ideal solution were employed. 
Maxwell diffusion coefficients for 
n-hexane in the gas phase of the 
methane-n-hexane system are 
shown in Figure 2. The curves 
were drawn to indicate a sub- 
stantial increase in the coefficients 
with an increase in pressure, as 
was found in the methane—n-hep- 
tane system(4). A firm evaluation 
of such trends with pressure must 
await measurements over a wider 
range of this variable than was 
covered in the present study. The 
data shown in Figure 2 yielded a 
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Fig. 3 Diffusion coefficients for n-hexane in the ethane—n-hexane system. 
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Fig. 4. Diffusion coefficjents for n-hexane in the propane—n-hexane system. 
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standard deviation of 0.00475 lb./ 
sec. for the experimental data from 
the straight lines drawn through 
the points for each of the four 
temperatures. Smoothed values of 
this coefficient for n-hexane are 
recorded in Table 2. It should be 
realized that the apparent effect 
of pressure found in the methane— 
n-hexane system at the lower tem- 
peratures is an indication that the 
Maxwell hypothesis(12) does not 
describe the, transport process with 
precision. 

Experimental data for the Max- 
well diffusion coefficients for n- 
hexane in the ethane— and in the 
propane-n-hexane systems are 
shown in Figures 3 and 4 respec- 
tively. In these instances there was 
no marked tendency for the co- 
efficients to change with pressure; 
however, in the case of the pro- 
pane—n-hexane system the data in- 
dicated a possible tendency for the 
Maxwell diffusion coefficient to de- 
crease with an increase in pressure. 
Some difficulty was experienced in 
the experimental work for the pro- 
pane—n-hexane system as a result 
of the diffusion of propane through 
the liquid n-hexane in the porous- 
glass disk B of Figure 1. It was 
necessary to eliminate some of the 
measurements involving the longer 
transfer paths since the rate of 
diffusion of propane through the 
disk under steady conditions was 
significant. With shorter transfer 
paths the gross motion of the n- 
hexane liquid in the pores of the 
disk more ‘than compensated for 
the molecular diffusion of the pro- 
pane into the n-hexane liquid. The 
standard deviation of the measure- 
ments for the ethane—n-hexane sys- 
tem was 0.003 and in the propane-— 
n-hexane system 0.005 lb./sec. from 
the smoothed data. Table 3 records 
smoothed values of the Maxwell 
diffusion coefficient for n-hexane 
in the ethane— and _ propane—n- 
hexane systems. Since the data of 
Figures 3 and 4 indicated no sig- 
nificant influence of pressure upon 
the Maxwell diffusion coefficient, 
there was no need to include the 
latter variable in the tabulation, 
as was done in Table 2 for the 
methane—n-hexane system. 

The influence of temperature 
upon the Maxwell diffusion coeffi- 
cient is shown in Figure 5. The 
behavior of m-hexane in the 
methane—n-hexane system was 
compared at a pressure of 40 lb./ 
sq.in. with the behavior in the 
ethane— and propane—n-hexane sys- 
tems, which were found not to be 
influenced by pressure. The dif- 
fusion coefficient for n-hexane in- 
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TABLE 2.—MAXWELL DIFFUSION COEFFICIENTS FOR n-HEXANE IN THE 
METHANE-n-HEXANE SYSTEM 


lemper- 
ature, 
°F. 14.696 20 
70 0.1160* 0.1190 
100 0.1520 0.1560 
130 0.1811 0.1876 
0.2168 


Pressure, lb./sq. in. 
3 40 


0 50 60 
0.1255 0.1320 0.1380 0.1443 
0.1634 0.1710 0.1765 0.1855 
0.1962 0.2049 0.2128 0.2211 
0.2262 0.2368 0.2458 0.2555 
0.2545 0.2645 0.2762 0.2863 

0.2909 0.3031 0.3155 


*Maxwell diffusion coefficients are expressed in pounds per second. 
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Fig. 5. Effect of temperature on diffusion coefficients 


for n-hexane. 
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Fig. 6. Effect of molecular weight of stagnant component 
on diffusion coefficient for n-hexane. 


creases more rapidly with an in- 
crease in temperature for the 
methane—n-hexane system than it 
does for either the ethane— or the 
propane—n-hexane systems. A pres- 
sure of 40 lb./sq. in. was chosen 
for the methane data in order to 
permit comparison throughout the 
temperature range _ investigated 
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and still involve as low a value as 
feasible. 

Figure 6 depicts the effect of the 
molecular weight of the stagnant 
component upon the Maxwell dif- 
fusion coefficients for n-hexane at 
several temperatures. Again the 
data for methane at a pressure of 
40 lb./sq.in. were compared with 
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TABLE 38.—MAXWELL DIFFUSION Co- 

EFFICIENTS FOR 7-HEXANE IN THE 

ETHANE-n-HEXANE AND PROPANE-n- 
HEXANE SYSTEMS 


Temper- Ethane- Propane- 
ature, °F. n-hexane n-hexane 
70 0.0890* 0.0450 
100 0.1136 0.0720 
130 0.1361 0.0948 
160 0.1571 0.1133 
190 0.1778 0.1336 
220 0.1980 0.1525 


*Maxwell diffusion coefficients are ex- 
pressed in pounds per second and are con- 
sidered to be independent of pressure. 


the diffusion coefficients in the 
other systems, which were inde- 
pendent of pressure. The experi- 
mental points correspond to those 
recorded in Tables 2 and 3. There 
is a rapid decrease in the diffusion 
coefficient with an increase in 
molecular weight, as would be pre- 
dicted from the Sutherland equa- 
tion(28). The regularity of de- 
crease in the diffusion coefficient 
with an increase in molecular 
weight offers encouragement in re- 
gard to predictions of the trans- 
port behavior of hydrocarbon 
gases. 


FICK DIFFUSION COEFFICIENTS 


The Fick diffusion coefficient 
(9) may be defined by 
Da Mk, d (4) 


Equation (4) applies only to one 
dimensional transport, and the 
component flux is that resulting 
from molecular diffusion and does 
not include the transport associ- 
ated with any gross motion of the 
fluid. It may be shown that the 
Fick coefficients are related to the 
Maxwell coefficients for a perfect 
gas in the following way: 


Dwr 
Dr, uaa ( Nj ) FP (5) 


In case the gas phase follows the 
behavior of an ideal solution but 
may deviate from perfect gas be- 
havior, Equation (5) assumes the 


form 
2 
(2)(4)(4) 
[1+ o(Vi- 
(6) 
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By utilization of Equation (6) the 
Fick diffusion coefficients for n- 
hexane were computed from the 
Maxwell coefficients as a function 
of pressure, temperature, and com- 
position and are available(6) for 
the methane—n-hexane, ethane—n- 
hexane, and propane—n-hexane sys- 
tems. 

The Fick diffusion coefficients 
for the two components are related 
by the following expression: 


Ook 
Dr, ; Dr, (7) 


Equation (7) may be simplified to 


Dy, = Dr, (8) 


° 
Oj 


Equation (8) and the information, 
already discussed, concerning the 
volumetric behavior of each of the 
components were utilized to com- 
pute the Fick diffusion coefficients 
for methane, ethane, and propane, 
which are available(6). The Fick 
diffusion coefficients are markedly 
functions of pressure, temperature, 
and composition. They are dis- 
cussed here because it is often 
more convenient to employ such 
coefficients in the analysis of trans- 
port processes involving hydro- 
dynamic velocities than the Max- 
well coefficients. 

The results obtained in this in- 
vestigation indicate that the Max- 
well hypothesis(12) is a reason- 
able description of the transport 
phenomena in the gas phase of the 
binary systems of methane, ethane, 
and propane with n-hexane at low 
pressures. The differences in com- 
position within the experimental 
transport path were significant, 
particularly at pressures approach- 
ing the vapor pressure of n-hexane. 
However, there was only a small 
change in the coefficient for the 
methane-n-hexane system with 
pressure and none for the other 
systems. Such behavior indicates 
that the Maxwell hypothesis took 
into account the effect of composi- 
tion upon the transport to at least 
a first degree of approximation. 
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NOTATION 


a = dimensional constant 

b = specific gas constant of phase 
(R/M), ft./°R. 

b;, = specific gas constant of com- 
ponent k, (R/M), ft./°R. 

Dy, , = Fick diffusion coefficient of 
component k, sq.ft./sec. 

Dy, Maxwell diffusion coeffi- 
cient of component k, lb./sec. 

f, =fugacity of component k in 
the phase, lb./sq.ft. 

= fugacity of component in 
the pure state, lb./sq.ft. 

l,= effective correction to gross 
transfer distance, ft. 

lg = gross transfer distance, ft. 

M = average molecular weight of 

phase 

Mm, = weight rate of transport of 
component k, l|b./(sec.) (sq. 

m,, = total weight rate of circula- 
tion of component k, lb./sec. 

nm, = weight fraction of component 


Nz = mole fraction of component k 

P=pressure, lb./sq.ft. 

p;=partial pressure of component 
j, (Pn;), lb./sq. ft. 

R= universal gas constant, ft./°R. 

7; =resistance at interface, sec./ft. 

Re = Reynolds number 

T =thermodynamic temperature, 

V, = molal volume of component k, 
cu.ft./lb.mole 

distance in direction of dif- 
fusion path, ft. 

Z = compressibility factor, PV/bT 

7,=absbolute viscosity, (Ib.) 
(sec.) /sq.ft. 

s,, = concentration of component k, 
lb./cu.ft. 

= molal concentration of com- 
ponent k, lb.mole/cu.ft. 

= partial differential operator 


Superscripts 
° = pure state 
+= reference state 
Subscripts 
d = diffusion 
i= conditions at interface 
j=component 7, the stagnant 


component 

k=component k, the diffusing 
component 

t= conditions at exit of transfer 
tube 
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Chemical Factors in 
Propellant Ignition 


Melvin A. Cook and Ferron A. Olson 
University of Utah, Salt Lake City 


A method of studying solid propellant ignition is described which utilizes detonating gas igniters. This article describes (1) 
conditions required for obtaining reproducible igniter systems and (2) results of application of the method to four well-known 
rocket propellants in which various “chemical” and “thermal” effects were brought out by suitable variations in the initial 
pressure and composition of the detonating gas igniter. Successful application of the detonating-gas-igniter method requires the 
use of steady state detonation waves, i.e., waves in which the detonation head has attained a steady “size” and momentum. 
Experimental data are presented which show that detonation (following the initial predetonation buildup) must travel 40 to 
50 cm. in a 1-in. diam. steel tube before these steady state conditions are established in the systems studied. 

Results of studies by the detonating gas ignition method show that, besides the important purely physical effects of tem- 
perature and pressure, free oxygen and solid carbon in the igniter system are very effective in lowering the threshold ignition 
pressure. Moreover, increasing oxygen in the igniter markedly lowers the ignition time lag (7,) for appearance of an observable 
flame although it increases the time lag (7:) for appearance of reaction sufficient to cause the first measurable ionization in 
the reaction zone (tp >> 7:). Although true flame-ignition time lags were observed to be of the order of several milliseconds, 
reaction of the propellant was observed to start within 1 msec. (possibly immediately) after collision of the detonation wave 


with the propellant. 


The detonating gas method is shown to provide a reliable measure of the relative ignition sensitivities of various rocket 


propellants. 


Chemical effects on propellant 
ignition may be defined as the ef- 
fects exerted by various chemical 
species by virtue of specific chemi- 
cal reactions, aside from the physi- 
cal or “thermal” factors of tem- 
perature and pressure. It is im- 
portant, however, to realize that 
the chemical effects described in 
this article require high tempera- 
ture. Most investigations in pro- 
pellant ignition have been con- 
cerned with the influence of tem- 
perature(12, 24, 32); pressure 
(12); and heat transfer by radia- 
tion(1, 2, 20, 29), convection (13, 
27), and conduction(18, 28). The 
results of the few studies on chemi- 
cal effects reported(4, 13, 5, 27) 
thus far have been inadequate to 
show conclusively that chemical ef- 
fects are actually involved to an 
appreciable extent in propellant 
ignition, most investigators having 
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1980. It comprises part of a thesis to be pre- 
sented by Ferron A. Olson in partial fulfillment 
of the requirement for the degree of doctor of 
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attributed ignition primarily to the 
physical factors, temperature and 
pressure. One reason for uncer- 
tainty in this regard is that chemi- 
cal factors have been studied at 
temperatures much lower than 
those encountered in _ practical 
ignition system. Also in many in- 
vestigations, especially those with 
conditions comparing favorably 
with practical igniters, it was diffi- 
cult to ascertain the composition 
of the gases actually contacting the 
propellant during the time interval 
between the initial application of 
energy and subsequent decomposi- 
tion or burning of the propellant. 

In an attempt to evaluate the 
specific or chemical influence of 
various chemical species on pro- 
pellant ignition at realistic tem- 
peratures and pressures, a de- 
tonating-gas-ignition technique was 
developed. Detonating gases de- 
velop pressures and temperatures 
of the magnitude found in practical 
igniter systems, and these condi- 
tions may be varied reproducibly 
over relatively wide ranges by 
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proper selection of the initial pres- 
sure and composition of the ig- 
niter system(19). Furthermore, 
the thermohydrodynamic theory of 
detonation, solved by use of the 
ideal gas equation of state, pv = 
nRT, known to be reasonably valid 
for gases(26), provides, in addi- 
tion to the temperature, pressure, 
and other thermodynamic data for 
conditions existing in the detona- 
tion front(15, 19), the chemical 
composition of the products of 
detonation. Unfortunately detona- 
tion conditions prevail for only a 
few microseconds(17), whereas 
true ignition requires in general a 
much longer induction period. On 
the other hand, calculations show 
that the Chapman-Jouguet concen- 
trations of the molecular species 
(i.e., the composition existing in 
the detonation wave) for the vari- 
ous igniters used here should main- 
tain at least approximately during 
the entire ignition induction peri- 
od. The detonation-head model, de- 
scribed in Appendix I, suggests 
that once the detonation wave has 
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propagated a length L,,, a steady 
state detonation head of constant 
size, momentum, pressure, and 
average particle velocity is. at- 
tained. Consequently, according to 
this model thermodynamic condi- 
tions existing in the igniter gas 
from the wave front rearward 
should be relatively constant for a 
distance which should be equal to 
the distance covered by the wave 
front in about 10 to 20 usec. Even 
though the ignition time lag is 
much greater than this, however, 
the most profound thermal effect 
on subsequent ignition should be 
that exerted during the time inter- 
val of application of detonation 
conditions owing relatively 
sharp rarefactions and cooling out- 
side the detonation head. Chemi- 
cal effects on the other hand exert 
themselves over the entire induc- 
tion period and are probably most 
important in the later stages. 

The complete heat-balance equa- 
tion of the propellant being ignited 
may be written as follows: 


a+ B=6 (1) 


where the first term on the left 
(a=—KVYV?T) accounts for the 
heat conduction, the second term 
(8 = CodT/dt) for the heat content 
of the propellant, and the term on 
the right (6 = oQk’f) expresses the 
heat generated by chemical re- 
action of the propellant. (Here K 
is the thermal conductivity, o the 
density, C the specific heat, Q the 
specific heat of reaction, and f a 
dimensionless function expressing 
the order of reaction.) Thus when 
ignition of propellants is accom- 
plished with a detonating gas 
igniter, it is reasonable to assume 
that a relatively constant tempera- 
ture corresponding to T. (the de- 
tonation temperature) persists at 
the propellant surface for the short 
period of application of detonation 
conditions (10 to 20 usec.), during 
which term « is strongly positive, 
term 8 increases rapidly in time, 
but term 6 reaches importance 
probably only toward the end of 
this stage. The depth of penetra- 
tion of heat into the propellant 
may be very small, possibly a few 
microns or less, but the surface 
should be raised essentially to gas- 
phase temperature. The increase 
in 8 when «@ is positive starts re- 
action at the surface, and term 5 
increases exponentially in 7, reach- 
ing a certain magnitude while « 
is still positive. During this phase 
both « and 6 thus contribute to 8 
but « is of far greater importance. 
From considerations of the mech- 
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anism of burning of propellants 
(12) the first reaction involves 
only partial decomposition and is 
in general much less energetic than 
complete reaction. After the de- 
tonation head has passed beyond 
the propellant, the temperature of 
the surrounding medium drops 
rapidly; term « then becomes nega- 
tive and heat flows outward from 
the now reacting propellant sur- 
face into the surrounding medium. 
(Sporadic positive thermal effects 
of the igniter after passage of the 
detonation wave exist owing to re- 
current shock effects which are 
ever present, especially in short 
shot tubes, but may be reduced to 
negligible proportions by use of 
long shot tubes and careful con- 
trol of the method of collision of 
the detonation wave with the pro- 
pellant.) 

The chemical effects described in 
this report are probably of very 
little, if any, significance during 
the part of the process where term 
x is positive. As soon as reaction 
has become appreciable, however, 
these chemical effects become im- 
portant (1) by their influence on Q 
in term 6 and (2) by specific in- 
fluences on the rate of reaction. 
While the surrounding medium will 
thus exert an adverse thermal in- 
fluence on ignition after the de- 
tonation head has passed, or as 
soon as term « becomes negative, 
it may have a very pronounced 
positive chemical effect if it con- 
tains chemical substances which 
upon contacting the reacting sur- 
face can contribute to the heat 
and/or rate of reaction. Ignition 
or nonignition of the propellant 
will thus depend (1) on the mag- 
nitude of the energy input by the 
term « while the detonation head 
is in contact with the propellant 
and (2) on the later influence of 
specific chemical reactions between 
the gas phase and the propellant 
in the propellant reaction zone. 

The detonating gas igniter meth- 
od was for the reasons given above 
considered to offer promise as a 
means for studying propellant 
ignition. 

EXPERIMENTAL METHOD 
Ignition Threshold and Time Lag. 


Quantitative data observable in 
the detonating gas ignition method 
for the study of propellant ignition 
include (1) ignition or nonignition 
and (2) ignition time lag. The 
most satisfactory index for igni- 
tion-nonignition is the minimum, 
or “threshold,” pressure for igni- 
tion, where threshold pressure, 
designated ,°, is here defined as 
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the minimum initial pressure re- 
quired to produce consistent igni- 
tions of a given propellant by a 
particular detonating gas of given 
composition. A more fundamental 
index is, of course, the threshold 
detonation pressure p.°. However, 
since p. may be computed from p, 
and 9, through the hydrodynamic 
theory, p,° is quite as reliable an 
index as p.°. It has the advantage 
of being a directly observable 
quantity where p.° is not. From 
numerous calculations made at this 
laboratory it was observed that 
for most of the igniter composi- 
tions used, many of the detonation 
properties were a linear function 
of log p,(7). For example, in com- 
paring a detonation property cal- 
culated at two different values of 
,, the following equation was 
found to hold satisfactorily. (See 
Figure 1.) 


where ; refers to any of the fol- 
lowing thermodynamic variables: 
Q. (heat of explosion), D (detona- 
tion velocity, %). (moles of detona- 
tion products/kg.), T, (detonation 
temperature), and some others not 
used in this study. Also 8, is a dif- 
ferent constant for each of the 
variables in question, and p,"/p,’ is 
the ratio of initial pressures. 

The ignition time lag <« is de- 
fined as the interval between the 
initial application of energy to the 
propellant, i.e., impact of the pro- 
pellant by the detonation front, and 
the time of ignition of burning of 
the propellant. The latter requires 
careful definition; it depends on 
the particular initial stage of burn- 
ing one observes. Depending on 
how this “ignition” is observed, it 
may be identified with various 
stages of burning; for example, it 
may correspond to the first observ- 
able partial decomposition of the 
propellant, the initial observation 
of evolution of gas, or the initial 
appearance of a high-temperature, 
luminous flame. The literature de- 
scribes three zones of propellant 
burning, namely foam, fizz, and 
flame zones(30). Each of these 
zones makes its appearance at a 
somewhat different time, and as a 
result observations involving dif- 
ferent zones of burning would be 
described by different ignition time 
lags. One must, of course, exercise 
care to ascertain that the stage 
one is observing actually provides 
an adequate criterion of ignition, 
i.e., that a stable flame always ap- 
pears at the particular stage ob- 
served. 
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One time-lag index employed in 
this study involved measurement of 
the induction period of initial de- 
composition sufficient to produce 
enough ionization for discharge of 
an ionization gap. This was de- 
termined by a technique(7) in 
which the time <;,’ to start decom- 
position and erode a given thick- 
ness d of propellant from the sur- 
face of the exposed propellant face 
was measured. The real time lag 7; 
corresponding to this index was 
then calculated from the equation 


t= 7! —d/k (3) 


where 7,’ is the measured time and 
k is the (pressure dependent) burn- 
ing rate of the given propellant 
(30). Unfortunately d could be de- 
termined only to within an ac- 
curacy of about 20 p, and the pres- 
sure was known only for the rela- 
tively short period of contact by 
the detonation head. Consequently 
the third term in Equation (3) was 
not known precisely. Since it 
turned out that under operating 
conditions 7;<<7,’, this criterion 
involved appreciable error. More- 
over, there is some _ question 
whether +; may be considered as a 
true ignition index since true flame 
always appeared considerably later. 
However, it provides a means for 
detecting reaction in its early 
stages. 

A relatively unambiguous defi- 
nition of time lag is that based 
on the initial appearance of a 
stable flame +,. This time lag, desig- 
nated t,, was determined by direct 
photography of the propellant face 
by use of either a streak or a Fas- 
tax camera. However, at p, values 
above 300 to 600 lb./sq.in. abs., 
depending on the igniter composi- 
tion, the light from the detonation 
and recurring shock waves per- 
sisted a sufficient time to mask the 
initial appearance of the stable 
flame. Hence this method was ap- 
plicable only at fairly low initial 
igniter pressures. 


Equipment and Techniques 


The results presented in this pa- 
per were obtained in three different 
heavy-walled, steel shot tubes all of 
1-in. I.D. Initiation of the gas was 
effected in each case by the discharge 
of a l-uf capacitor at 4,400 volts 
through a high-pressure (airplane) 
spark plug. Detonation and prede- 
tonation flame velocities were meas- 
ured by means of the pin-oscillograph 
technique(7). Ionization gap pins 
were connected to separate capaci- 
tors charged to voltages of 250 to 
1,700 volts (as desired). The capaci- 
tors were discharged in turn through 
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the pin gaps by the highly conduct- 
ing ionized wave front of the de- 
tonation or predetonation flame. This 
discharge was fed through suitable 
pulse-forming circuits to an oscillo- 
scope, where it was recorded photo- 
graphically as a “pip” on the cali- 
brated sweep of an oscilloscope. 

Shot tube I was 92 cm. long and 
was designed for pressures up to 
30,000 lb./sq.in.abs. It contained ion- 
ization gap stages 50, 25, and 0 em. 
ahead of the propellant to ascertain 
that a constant velocity was obtained 
at least 50 cm. before contact with 
the propellant. The propellant in this 
case was a smooth-surfaced 2.5-cm.- 
diam., 3-mm.-thick wafer and was 
mounted on the end of a plug that 
was threaded into the end of the 
tube opposite the point of initiation 
of the gas. Consequently the face of 
the wafer was perpendicular to the 
axis of the tube, and the detonation 
wave struck it broadside. Ignition 
was viewed in tube I through a plas- 
tic window sealed into the tube with 
0 rings. 

Shot tube I incurred difficulties 
associated with broadside collision of 
the detonation wave with the propel- 
lant, including excessive shock-wave 
interactions and complete interrup- 
tion of the detonation wave. Despite 
these difficulties, results of threshold 
ignition measurement proved surpris- 
ingly reproducible, but the measure- 
ments of time lag were less satis- 
factory. Tube I served admirably in 
the preliminary evaluation of the 
detonating-gas-igniter method. 

Shot tube II was designed to elimi- 
nate the undesirable features of shot 
tube I. It was a 1-in. I.D. tube 302 
cm. long, capable of withstanding 
pressures up to 30,000 lb./sq.in.abs. 
The propellant was machined in the 
shape of truncated cones 7 mm. thick 
and 11 mm. in diameter at the apex. 
The propellant sample was forced 
into a conical hole in the side of the 
tube 107 cm. downstream from the 
igniter plug. In ignition threshold 
measurements the propellant face 
was allowed to crown out slightly 
into the bore as long as_ the 
edges of the pellet were not exposed. 
In measurements of 7; the pellet face 
was machined flush with the tube 
walls by use of a spiral reamer. In 
either case the detonation wave could 
pass over the propellant without be- 
ing appreciably disturbed, and con- 
sequently shock reflections back to 
the propellant occurred only later, 
at relatively long intervals. A 12.5- 
mm.-diam. window was located di- 
rectly opposite the propellant pellet, 
allowing a direct view of the face of 
the propellant for photographing and 
manipulation. Also with tube II pro- 
pellant wafers could be placed at 
one end of the tube just as in shot 
tube I, by means of which one could 
study the effect of the length of the 
column of igniting gas by compari- 
son with results obtained in shot 
tube I. 
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In the measurement of 7,’ an ion- 
ization “pin” was located directly 
opposite the propellant to provide 
the time reference. The pellet pin, 
insulated except for a pointed end, 
was inserted through the plug hold- 
ing the pellet in the tube wall into 
the back side of the pellet until the 
point was the desired distance d 
under the pellet face. Adjusting the 
circuitry permitted the pips from 
each pin to be identified by varia- 
tion in the voltages on the pins. 

Shot tube III was designed for 
pressure up to 5,000 lb./sq.in.abs. 
primarily to study conditions re- 
quired for the development of a 
steady state detonation head. It was 
1.83 meters long and contained twen- 
ty-seven ionization gap stages, each 
of which could be interchanged with 
the igniter plug to enable one to 
ignite the gas at any desired posi- 
tion in the tube. Eighteen of these 
stages were spaced at i0-cm. inter- 
vals, and the remaining nine at 1-cm. 
intervals (spiraled around the tube) 
between the second and third 10- 
cm.-interval ionization-gap stages. 
Variable pip amplitudes were again 
used to enable one reliably to 
identify each pip with its respective 
ionization gap. This arrangement 
made possible the determination of 
the length L’ between the points of 
ignition and creation of the detona- 
tion wave and the variation of L’ 
with p, and composition. It also made 
possible the determination of the 
velocity of the flame front and its 
variation with distance L (the total 
length of flame propagation from 
point of igniter gas ignition) in both 
the predetonation and _ detonation 
stages. 

Pressures and total end impulse or 
momentum were measured by use of 
a dynamic condenser-type pressure 
gauge having a flat response between 
0 and 10 ke., a resonant frequency 
of about 20 ke., and a 100% rise 
time of less than 50 ysec. It was 
located in the end of the tube opposite 
the igniter plug and thus received 
the full impact of the detonation 
head. The output of the pressure 
gauge was coupled to the vertical 
input of an oscilloscope, and the 
resulting sweep recorded a pressure- 
time curve. 

The initial temperature of the 
igniter gas systems varied less than 
15C.° in determination of p,° for 
any particular propellant. Variations 
in the initial temperature of this 
magnitude have very little effect on 
the actual detonation conditions (26). 
Moreover, variation in the ambient 
temperatures seemed to have very 
little effect on ignition if held within 
this limit. The gases were used as 
received from the suppliers without 
further purification but were of about 
99.5% purity. 

Four homogeneous double-base roc- 
ket propellants, designated for secur- 
ity reasons as propellants A, B, C, 
and D, were studied. Each propellant 
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had about 50% nitrocellulose, ap- 
proximately 30 to 40% nitroglycerine, 
and varying percentages of the usual 
plasticizers, stabilizers, and other 
additives. The propellant C had the 
highest nitroglycerine, and _ propel- 
lant D had slightly more nitroglycer- 
ine than A and B, which had equal 
amounts. Because propellant igni- 
tion seems to be dependent somewhat 
on the physical characteristics of 
the propellant, such as size, shape, 
and degree of roughness of the ex- 
posed surface, each of these factors 
was held constant in any particular 
series. 

Composition of the igniter system 
was determined by the partial pres- 
sures admitting the gases into the 
mixing tubes separately. The gases 
were allowed to mix usually 10 min. 
or more in a mixing tank. All the 
shot tubes were thoroughly dried 
with an air nozzle, brushed with a 
wire brush, and then blown out with 
dry air after each shot. After evacua- 
tion of the shot tube the mixed gases 
were introduced from the mixing 
tank into the tube and allowed to 
remain there for 2 min. before firing. 


Thermohydrodynamic Calculations 


By means of the thermohydro- 
dynamic theory of detonation(19, 
26, 15) the thermodynamic proper- 
ties and the chemical composition 
at the Chapman-Jonguet plane 
were calculated for each of the 
igniter systems used. Calculations 
were made for each composition at 
three fugacities, corresponding ap- 
proximately to the initial pressure 
p, of 1, 10, and 100 atm. Any de- 
sired thermohydrodynamic values 
in the range of 1 to 100 atm. could 
then be obtained very accurately 
by interpolation through Equation 
(2). These calculations are too ex- 
tensive for presentation completely 
in this report but are available 
upon request. Some of the most 
important results for the H,-O. 
system are given in Figure 1. 


EXPERIMENTAL RESULTS AND 
INTERPRETATIONS 


Detonating Gas System 


Figure 2 shows comparisons of 
measured and calculated detona- 
tion velocities for the H.-O, and 
systems. The agreement 
between calculated and observed 
velocities was in general satisfac- 
tory, except in the C,H.-O. system 
for C.H./O. mole ratios greater 
than 0.90, where the calculated 
velocities were higher than experi- 
mental. The experimental values 
agreed fairly well with those ob- 
tained by Breton(26) and Kistia- 
kowsky and coworkers (21, 23). The 
discrepancy for high C.H»/O. 
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TABLE 1.—DISTANCE L’ FROM IGNITER TO POINT OF DETONATION FORMATION 
FOR THE He-Oo—-A IGNITER 


Igniter 

composition ,, lb./sq. in. abs. 12.5 
He-O2-A 

(Parts by volume) 
1 3-0 
1-2-0 75 
1-1-0 
2-1-0 31 
3-1-0 42 
4-1-0 64 
6-1-0 
2-1-% 25 
2-1-1 24 


ratios is attributed to failure to 
take into account all the important 
products of detonation. This prob- 
lem has been discussed adequately 
by Kistiakowsky, et al., who com- 
puted detonation velocities in fair 
agreement with experiment for 
acetylene-rich C,H»-O. systems by 


—— 3He-02 
—— 2H2-0, 4 
~--- 


> 
° 


O(m/sec x 10°72) 
Te (°k x 1072) 


20F 4 


COMPOSITION (MOLES/kg) 


2 
LOG p,(psio) 


Fig. 1. Variations of theoretical de- 

tonation composition, temperature T, 

and velocity D with initial pressure p, 

and initial composition for the H.,-O, 
igniter system. 


25 50 75 100 150 


65 56 = 52 45 
40 29 27 20 20 
20 13 16 15 10 
23 22 15 17 12 
58 48 41 39 37 
116 112 94 108 3 
15 17 15 


making some further assumptions 
as to the detonation products and 
the mechanism of the reaction. 

The L’ vs. »,; and composition 
results for the H,-O, and a portion 
of the H,-O.-A system are shown 
in Table 1. 

L’ was determined with tube III 
from measurements of the average 
velocity of the flame front between 
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Fig. 2. Variations of theoretical and 

experimental detonation velocity with 

initial composition for the igniters 

C.H.-0, (p,=2 atm.) and H,-0, 
(p,= 1 atm.). 
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Fig. 3. Momentum, velocity, and peak pressure vs. length for 
the system 2H,-O, at 12.5 lb./sq. in. abs. (tube III). 
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ionization-gap stations. The data 
given are subject to a _ possible 
error of about + 2 to 10 cm., being 
greater for large values of L’. L’, 
like the thermohydrodynamic vari- 
able mentioned above, seemed to 
show a linear relationship with log 
p, AS was expected, the most 
energetic compositions in the re- 
gion of 2H,-O, (2-1) (composi- 
tions being expressed throughout 
in parts by volume) showed the 
minimum value of L’, although 3-1 
and 1-1 exhibited only slightly 
larger values of L’. 

Velocity-distance (D-L), peak- 
pressure—distance (p-L), and end- 
impulse - or - momentum—distance 
(M-L) relations obtained in shot 
tube III with 2H.-O, are shown in 
Figure 3.* It will be observed that 
steady state momentum was es- 
tablished at about 80 cm. from the 
point of ignition of the gases, al- 
though 120 cm. of propagation was 
required for the attainment of a 
steady state peak pressure. L’ was 
about 30 cm. 

As mentioned, solid explosives 
show a steady state detonation 
head of constant size and momen- 


model that L,, should be relatively 
insensitive to composition and 
density. In such a case steady state 
detonation should have been at- 
tained at the position of the pro- 
pellant in both tubes I and II for 
all H,-O. compositions in the range 
1<H,/0.<4. In all cases L’ was 
less than 42 cm. for these igniters. 
These conclusions seem to be sub- 
stantiated by curves (2) and (3) 
(Figure 8), which are compari- 
sons of plots of p,° vs. Hs/O» data 
obtained in shot tubes I and II. 
(See below.) 

For the C,H,-O igniter systems 
(Figure 2) detonation occurred after 
a flame propagation of less than 42 
em. (L'<42 em.) for all compositions 
in the range 0.2<C,H,/0,<1.5. The 
upper limit, however, is somewhat 
uncertain owing to the formation of 
excessive free carbon in this range 
which caused erratic behavior of the 
pin-oscillograph equipment. Detona- 
tion should thus have been steady in 
this system at the position of the 
propellant in both shot tubes. 

Although not a great deal is known 
concerning the limits of detonation of 
the H,-O.-N, and the H,-0,-A igniter 
systems, it appears unlikely that 
steady state detonation was estab- 
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Fig. 4. Threshold ignition pressures p,° vs. igniter 
composition for propellant A in shot tube I. 


tum for L,,>3.5d. Also L,, is de- 
pendent primarily only on _ the 
geometry of the charge and not 
on the initial density and composi- 
tion. The momentum vs. L results 
for the mixture H,/O.=2 given 
in Figure 3 show that a steady 
state detonation head is also estab- 
lished in gaseous detonations in 
this case for L,,~50 cm. Studies are 
in progress for the other systems 
but are as yet incomplete. It is 
expected that they will confirm the 
suggestion of the detonation-head 


*Experimental velocities of 2,819 and 2,821 
meters/sec. were obtained by Lewis (25) and 
Bone (3) respectively. 
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Fig. 5. Threshold ignition pressures 
p,° vs. igniter composition for pro- 
pellants A, B, C, and D in shot tube 
I (H,-O, igniter). 
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lished in shot tube I for the 2-3-X 
(N, or A) systems, although steady 
state detonation was probably de- 
veloped in the 4-1-X (N, or A) sys- 
tems for small values of X. With the 
2-1-X (N, or A) igniters the steady 
state occurred possibly for X as high 
as 40%. 


Ignition-threshold Pressures 

Figure 4 is a plot of the log- 
arithm of the mole ratio C,H./O. 
vs. p,° for propellant A. The 
broken line gives the ignition- 
threshold curve as a function of 
composition. However, it is doubt- 
ful that the results were sufficient- 
ly consistent to justify the detailed 
broken curve; the solid curve is con- 
sidered to be the best smooth curve 
through the observed data. The 
threshold pressure curve showed 
a maximum for the 2-3 (C.H.-O0.) 
igniter and decreased sharply on 
both sides. Powdered carbon was 
found in minute quantities with 
the igniter 1-1 (C.H»,-O,); it in- 
creased rapidly to copious amounts 
as the proportion of the acetylene 
in the igniter was increased. These 
results show that both oxygen and 
solid carbon are effective in en- 
hancing ignition of propellants. 

The p,°-vs.-composition curves 
for the propellants A, B, C, and D, 
achieved by means of H,-O, ig- 
niters, given in Figure 5 were 
obtained from 300 tests at eight 
different H./O. ratios between 
0.125 and 12.0. The data were too 
extensive for each point to be 
shown, but they were quite con- 
sistent, and the curves may thus 
be considered as a reliable repre- 
sentation of the experimental data. 
They show in general large p,° 
values for the hydrogen-rich ig- 
niter and quite small p,° values for 
the oxygen-rich igniters. While all 
propellants showed marked sensi- 
tivity to excess oxygen in the prod- 
ucts of detonation, propellant A 
appeared somewhat more sensitive 
to oxygen than propellant D. From 
Table 1 and Figure 5 it may be 
seen that detonation was produced 
in shot tube I only in the igniter 
composition range H./O, from 0.4 
to 5.0, and the failure of p,° to 
increase sharply with H./O, from 
5 to 7, even though these igniters 
did not detonate, indicates that 
the deflagaration flame, although 
cooler and less intense than the 
detonation flame, is at least as 
effective as the detonating gases 
in igniting the propellant. With 
the extremely hydrogen-deficient 
and hydrogen-rich igniters the 
curves were very steep, except for 
propellant D at H./O.= 12.0. This 
steep rise may be due to the re- 
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. duced temperature of the flames as 
the limits of inflammability were 
approached (26). 

The ignition-threshold method 
used with igniters with little or no 
oxygen or solid carbon clearly dif- 
ferentiated the relative sensitivi- 
ties of the propellants. On the 
oxygen-rich side the sensitivities 
differed very little, owing to the 
large oxygen effect. Hence the 
measurement of relative ignition 
sensitivity should be confined to a 
particular composition in which 
(O.) is small or absent, for ex- 
ample, 2H,-Os. 

Ignition-threshold pressures of 
propellant B in shot tube I result- 
ing from use of igniter systems 
2-3-X No and 4-1-XNo 
2-3-XA, 2-1-XA, and 4-1-XA, 
where XN, and XA refer to the 
mole ratio of nitrogen and argon 
in the igniter system, are sum- 


marized in Figures 6 and 7. The 
percentage of nitrogen and argon 
was varied from 0 to 70 mole %. 
It was thought that the initial de- 
crease in p,° with N,. might be 
associated with oxides of nitrogen 
and that therefore the substitution 
of argon for Nz would change the 
shape of the curves considerably. 
Instead the comparable sets of 
curves proved to be surprisingly 
alike. It is possible that the re- 
duced heat capacity of the argon 
systems produced approximately 
the same trend as oxides of nitro- 
gen in the nitrogen systems. In 
nearly all cases the curves ex- 
hibited more than one minimum. 
The maximum percentage of nitro- 
gen at which detonation was ob- 
tained in shot tube I is not known 
accurately but was limited to less 
than 40% as judged from the dis- 
appearance of the characteristic 
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Fig. 6. Threshold ignition pressure p,° vs. percentage 
of nitrogen for propellant B at H,/O, = 4, 2, and 0.67 
(shot tube I). 
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Fig. 7. Threshold ignition pressure p,° vs. percentage of argon 
for propellant B at H,/O, = 4, 2, and 0.67 (shot tube I). 
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“ping” at this percentage of nitro- 
gen. Hence the minima observed 
at about 50% may be associated 
with the change from detonation 
to deflagration and finally to sim- 
ple quiescent burning. Incomplete 
studies of the ignition thresholds of 
propellants A and C were also made 
with the igniters 2H,-O.-XN. and 
H.-0.-XN>. They too exhibited the 
characteristic minima which seems 
to be associated with change in the 
burning mechanism. 

Figure 8 gives a comparison of 
p,°-vs.-composition curves of pro- 
pellant C obtained in shot tubes I 
and II with the H.-O. igniter sys- 
tem. Curve (1) was obtained in 
tube. I. For this curve the gases 
were mixed in the tube for at least 
10 min. Curve (2) was also drawn 
from data obtained in tube I, but 
the gases were premixed at least 
30 min. in the mixing tank. The 
two curves agree fairly well except 
for a decrease in p,° for H,/O. 
above 2. The data for curve (38) 
were obtained under exactly the 
same conditions as (2) but in shot 
tube II. It is believed that all com- 
positions in the range 3.0>H,/0.> 
1.0 should have attained a steady 
detonation head at L< <302 cm. It 
may be noted that the curves are 
similar in shape but differ by a 
fairly constant value of about 60 
to 70 lb./sq.in.abs., indicating that 
the same steady state detonation 
conditions existed in the 92-cm. 
tube as in the 302-cm. tube for 
this system. These results illustrate 
the importance of recurrent shocks 
in shot tube I. Data for curve (4) 
were also obtained in tube II, but 
in this case the propellant pellet 
was placed in the side of the tube 
107 cm. from the point of igniter 
ignition. Here p,° for H,/O.=2 
was about double that of curve 
(3), where the propellant wafer 
was at the end of the tube and 
interrupted the detonation wave 
directly, but at H./O.=1 for 
glancing incidence p,° was much 
less than was obtained for broad- 
side collision with the detonation 
wave. 

The most significant result of 
the ignition threshold studies with 
H»z-O. mixtures is the marked in- 
fluence of oxygen on _ threshold 
pressure 

Figure 9 shows plots of all the 
pertinent (calculated) detonation 
properties at the threshold pres- 
sure p,° against the H,/O, ratio 
together with the experimental p,°- 
vs.-H,/O. plot itself. This figure 
brings out clearly this oxygen ef- 
fect. (O.) refers to the concentra- 
tion of free uncombined oxygen, in 
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mole per cent, in the detonation 
head.) The threshold pressure was 
eight times greater for the maxi- 
mum temperature composition 
2H,-O. than for one of 20% lower 
temperature but about ten times 
higher (0,)+(0O) content. Figure 
10, in which the index 1/p,° (in- 
stead of p,°) is plotted against 
C.H»/Os, shows in a striking man- 
ner the influence of (O,) and (c,), 
concentrations which considerably 
outweighed even the temperature 
involved. (It is 1/p,°, not p,° which 
should parallel relative ignition 
sensitivity.) 


Ignition Time Lag 

Table 2 gives values of </ ob- 
tained with propellant C and vari- 
ous H,-O. systems. Negative values 
of d denote results in which the 
pellet pin protruded completely 
through the propellant pellet face 
into the chamber of the tube. In 
these cases pips were observed 
on arrival of both the detonation 
wave and the first reflected shock, 
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Fig. 9. Comparison of threshold detonation conditions (D°, T,°, 02°, etc.) 
for propellant C. 
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threshold pressures in 
shot tube I (curves 1 and 
2) and shot tube II 
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pellant C (H,-O, system). 


TABLE 2.—DATA ON 7’ FOR PROPELLANT C WITH THE H»—-Oo IGNITER 
AT 300 LB./SQ. IN. INITIAL PRESSURE 


Oo 
d, T;’, msec. d, 73’, msec 
750 59.40 10 4.65 
400 18.20 0 2.52 
200 8.80 0 2.52 
85 6.25 0 2.50 
75 6.80 —5 2.50 
5Q 2.02 
30 2.11 
10 
10 2.05 
0 2.13 
—30 2.11 
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H2-4 

Tz, msec 
95 13.27 
90 16.40 
60 3.98 
50 4.11 
10 5.03 
0 2.70 
—40 2.70 


A.1L.Ch.E. Journal 


3200 
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Fig. 10. Comparison of threshold detonation conditions (T°), 
(0,°), and (C,°) with 1/p,° for propellant A. 


the time being sufficient for the 
pins to recharge. Even though the 
pellet pin was exposed directly to 
the gases in the tube, the ioniza- 
tion gap did not break down a 
second time until the first reflected 
shock wave crossed the pellet face. 
The recurrent shock did not cause 
breakdown of the pellet gap when 
the pellet pin was not exposed, i.e., 
for a pin still buried in the pellet. 
It was possible to ascertain this 
from the fact that the pip fur- 
nished by the pellet gap was much 
larger than that from the reference 
pin. Also at d>75,>10, and>10 
respectively, for the igniters 1-1, 
1-2, and 1-4, the first shock failed 
to cause pellet-pin breakdown, as 
shown by the <; values obtained 
for these values of d. 

From the data in Table 2, with 
> as the upper limit of p during 
reaction and the known burning- 
rate law of propellant C, the upper 
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limit of «,/ was computed to be 1.1 
msec. Since the pressure was much 
lower than ps, +; must have been 
much less than 1.1 msec. Similarly, 
<; was much less than 2.5 msec. 
for propellant C when the 1-2 and 
1-4 igniters were used. 

The meager data obtained so far 
for t, are given in Table 3. They 
indicate that the true ignition 
time lag is directly dependent on 
the initial pressure and inversely 
dependent on the percentage of 
oxygen in the igniter; ie, <, 
varied linearly with the mole ratio 
H,/O., extrapolating to 260 msec. 
for t, at H,/O. = 2.0. As expected, 
ct» Was much larger (seventeen 
times as large for the igniter 2-1) 
for glancing than for broadside 
collisions of the detonation wave 
with the propellant. 

From tables 2 and 3 and observed 
c, and t, data it appears that (1) 
reaction is initiated within about 
1 msec. and possibly within a few 
microseconds if not immediately 
after the detonation front strikes 
the propellant, (2) the time to 
start the initial reaction apparent- 
ly is highly temperature dependent 
and not appreciably dependent on 
the chemical effects, (3) stable 
ignition occurs several millisec- 
onds later, and (4) stable burning 
is initiated more rapidly in the 
presence of oxygen. Presumably 
(4) would be true also of solid 
carbon but no measurements of 
time lag have yet been made to 
determine this. In normal burning 
of propellants three stages of re- 
action have been observed, namely 
foam, fizz, and flame(30). The 
ordinarily slightly exothermic (or 
perhaps even endothermic) foam 
stage consists of partial decompo- 
sition of the large polymers in the 
propellant to large molecules which 
remain on the surface. The fizz 
stage consists evidently of the 
initial formation of gaseous prod- 
ucts. This stage is exothermic 
nearly to the extent of the very 
hot flame stage, where the pro- 


pellant reactions go to completion. 
Application of this burning theory 
to the time-lag results indicates 
that the foam stage may occur 
within a very few microseconds 
after the very intensive energy 
source, the detonation head, is ap- 
plied and that +; may measure a 
stage in the initial formation of 
the fizz zone. In the formation of 
the foam zone one requires a strong 
supply of heat. The reaction be- 
comes strongly exothermic only 
after the fizz zone has developed 
sufficiently. Apparently collision of 
the detonation head with the pro- 


pellant produces the foam zone and - 


early stages of the fizz zone. Only 
after a time 7; has the fizz zone 
developed sufficiently to produce 
enough ions for discharge of the 
pins of the pin oscillograph. Dur- 
ing this stage thermal effects are 
much more pronounced than the 
chemical effects discussed in this 
report. This is in accord with the 
observation that +; increases with 
the oxygen content (or more fun- 
damentally with decreased tem- 
perature) for H.-O. igniter sys- 
tems of positive oxygen balance. 

Chemical effects on ignition are 
limited to the fizz zone and possi- 
ble even to the later stages of de- 
velopment of this zone. This would 
account for the strong inverse 
oxygen dependance of true flame 
ignition time lag «,. It would also 
account for the decreasing thresh- 
old pressures found for igniters 
with increasing oxygen content, 
since the magnitude of exothermi- 
city in the fizz zone would increase 
sharply with increased oxygen in 
this zone. Further evidence for 
this mechanism was found in ob- 
serving the character of the pro- 
pellant following ignition failure 
at p, values below p,°; partial burn- 
ing was observed to have occurred 
for the oxygen-deficient igniter 
systems but never for the oxygen- 
rich ones, where the propellant was 
either completely burned or showed 
no evidence of reaction. 


TABLE 3.—DATA ON 7), THE IGNITION TIME LAG AS BASED ON A STABLE FLAME 
OF PROPELLANT C, SHOT TUBE I USED WITH THE DETONATION WAVE INTERRUPTED 
AND SHOT TUBE II USED WITH THE PROPELLANT NONINTERRUPTING 


Shot Tube I, 2H2—Oz Igniter 


pi, lb./sq. in. abs. Tp, msec. 
90 170 
150 100 
150 84 
150 66 
300 15 
450 12* 
600 8* 


*Possibly less than given owing to masking of propellant ignition by the detonation shock 


Waves, 
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Shot Tube II, He-O» Igniter at p, =300 
Igniter 


parts by vol. T p, msec. 
1-1 140 
3-2 200 
7-4 225 
7-4 230 
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NOTATION 


~, = initial pressure of the deto- 
nating gas igniter 

T, =initial (ambient) temperature 
of the ignition system 

= detonation pressure (hydro- 
dynamic theory) 

T. = detonation temperature 

D = detonation velocity 

Q,. = heat of explosion 

n = number of moles per kilogram 
of the products of detonation 

p=peak pressure measured at 
the end of the shot tube (ap- 
proximately twice p.) 

L = length 

M=momentum or end impulse 

Ly = length of propagation of de- 
tonation necessary to estab- 
lish a staeady state detona- 
tion 

L'=length of propagation from 
the point of initiation to the 
point of formation of de- 
tonation 

p;° =minimum or threshold (in- 
itial) pressure for ignition of 
the propellant 

= time lag of initial propellant 
decomposition 

= time lag of stable propellant 
ignition 

d=thickness of propellant  be- 
tween pellet ionization pin 
and surface of propellant 
pellet 

k = burning rate of propellant 

Y,° =ignition threshold value of 
the variable |; where |; may 
be (O2), Do, Qo, and other 
detonation functions 

( ) indicates that the chemical 
species enclosed in the brac- 
kets was a product of detona- 
tion for conditions in the 
wave front computed thermo- 
hydrodynamically. 
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APPENDIX 


The detonation-head model was 
proposed initially in 1943 in classi- 
fied reports by one of the authors 
to account for the observations per- 
taining to shaped charges with solid 
explosives. More recently it has been 
applied to explain various other ob- 
servations, important among which 
are velocity-diameter curves(8 to 11). 
It is entirely phenomenalistic in 
character and, though lacking a 
fundamental basis, it has proved 
highly successful as an _ empirical 
model for correlating observations, 
developing new experimental ap- 
proaches, and solving problems in 
the design of devices. An important 
reason for presenting it here is that 
in reality it is the only model yet 
available to handle many of the im- 
portant problems in the technology 
of detonating explosives. Moreover 
experience has shown that it provides 
an intuitive picture of detonation 
which may be relied upon in pre- 
dictions of the influence of various 
geometrical factors, including con- 
ditions required for the development 
of steady state detonations. Here 
briefly outlined are some of the ex- 
perimental observations considered 
most pertinent to the development 
of the detonation-head model and 
its essential features. 

The total end effect (i.e., the im- 
pulse and kinetic energy generated 
at the end of the charge) applicable, 
for example, in the formation of jets 
from shaped charges is adequately 
described by the following semi- 
empirical equations: 


I =F(L) oi = 


F (L) x(d’) p2/D (i) 
T =F (L) r(d’)* p2/12 (ii) 


L < 1 = 1;for L > Lian (iii) 


where J is the end impulse or mo- 
mentum, TZ the effective kinetic 
energy, p, the charge density, d’ the 
effective diameter (or d’=(d—d,) 
where d,,a constant edge effect shown 
equal to about 0.6 cm. in most solid 
explosives, is the actual charge di- 
ameter), W is the particle velocity 
calculated for conditions at the Chap- 
man-Jouguet plane, p. is the “detona- 
tion” pressure, and L is the charge 
length. 

Equation (i) to (iii) express the 
following facts: 

1. End effect as measured, for 
example, by the total hole volume 
and/or depth of penetration in a 
homogeneous target of the jet from 
a shaped charge liner of total mass 
approximately M_ increases’ with 
charge length, as shown by Equa- 
tion (ii). That is, end effect in- 
creases in proportion to the height 
of hypothetical truncated cones of 
constant base diameter d and a height 
proportional to L/3.5 d’ reaching a 
maximum (corresponding to a fully 
developed detonation-head cone) at 
about 3.5 charge diameters. For L 
greater than 3.5 d the penetration 
is independent of L. 

2. The end impulse varies as the 
product 9, W of the explosive, other 
factors being constant. 

3. The total end effect varies as 
the cube of the effective diameter 
with other factors constant. 

4. Finally, the optimum liner mass 
for a liner of any angle, shape, and 
composition is that given approxi- 
mately by the equation 


M = F(L) pi(d’)* (iv) 

That is, the liner should have the 
same mass as the detonation head. 
Equations (i) to (iv) suggest that 
there exists behind the wave front a 
detonation head which when fully 
developed has a mass given approxi- 
mately by Equation (iv) and a shape 
resembling approximately a cone of 
miximum height d’. Before it is com- 
pletely developed, the detonation head 
appears to resemble truncated cones 
of height h=d'(L/3.5d’) and base 
diameter d’. The outline of this cone, 


Fig. i. Flash radiograph of unconfined solid explosive charge (square rather 
than circular in cross section) showing curved front and “triangular region.” 
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although not yet completely devel- 
oped, may be seen vaguely in the 
flash radiograph of a square cross- 
sectional charge kindly furnished by 
Ballistics Research Laboratory, Aber- 
deen, Maryland, shown in Figure i. 
A charge of square cross section 
was used in order to eliminate all 
variations in X-ray density not as- 
sociated directly with initial com- 
pression as the gases entered the 
detonation head and with expansion 
as they left the detonation-head 
region. This theory is described very 
briefly, in terms of the essentially 
equivalent release wave theory of 
Pugh and associates, by Rinehart and 
Pearson (81). 

The detonation-head model pro- 
posed to account for these results 
simply assumes that for many pur- 
poses the high-density conical region, 
sometimes called the “triangular 
region,” in the front of a detonation 
wave may be regarded as a slug of 
gas of fairly uniform density and 
pressure. This region is largely un- 
influenced inside its boundaries by 
rarefactions that move in toward the 
center from the side of the charge. 
The fronts of these rarefactions form 
the boundaries of the detonation 
head, except for the front boundary, 
which is the detonation front. Ac- 
cording to this model, following in- 
itiation of a detonation wave at least 
the main part of the rarefaction 
wave moving forward from the rear 
is assumed to lag somewhat behind 
and moves at a lower velocity than 
the wave front. Between the wave 
front and the front of the main part 
of the rarefaction region (which is 
assumed to appear near the stagna- 
tion plane, i.e., the region behind the 
shock front where the particle veloc- 
ity has finally reached zero), the 
wave is considered to be approxi- 
mately a constant density region. For 
unconfined charges rarefactions mov- 
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Fig. ii. Development of detonation head and steady state head in uncon- 
fined and confined solid explosive charges. 


ing toward the charge axis from the 
sides of the charge also are assumed 
to move forward at speeds lower 
than the detonation velocity. Figure 
ii illustrates the apparent develop- 
ment of the head as a function of 
the charge length, first as a spheri- 
cal expansion region and later as 
truncated cones (the base and top 
being spherical) when the rarefac- 
tions start in from the sides; finally, 
after L becomes equal to or greater 
than 3.5 d, the head is completely 
formed as a conical region. In order 
to account for the apparent shape 
of the detonation head in condensed 
explosives, one would assign a veloc- 
ity of about 0.6 D for the front of 
the main portion of the rarefaction 
waves from the rear and sides. 

One may take into account the 
hydrodynamic arguments that rare- 
factions should extend right up to 
the wave front and still retain the 
essential features of the detonation- 
head model by assuming, in accord 
with conventional hydrodynamics, 
density gradients (represented in 
Figure iii by a series of constant 
density contours equally spaced in 
density space), small in the region 
of the detonation head and becoming 
large only at the boundaries of the 
detonation head. It is important to 
realize that experimental evidence 
argues strongly against very large 
density gradients in the region desig- 
nated as the detonation head. Like- 
wise the gradient must be very steep 
at the boundary ef the head (heavy 
solid line of Figure iii in order to 
produce the radiographic image. In- 
side these characteristic boundaries 
(the lateral rarefaction front or re- 
lease wave front) rarefactions are 
thus considered relatively unimpor- 
tant, but outside they are sufficiently 
important that momentum and energy 
cannot be contributed in the direc- 
tion of propagation by material out- 
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Fig. iii. Schematic representation by 

constant density contours of pressure 

gradient in detonation front. (Large 

distance between contours suggests 

small gradients, small distance large 
gradients.) 


side this detonation head. This model 
should not therefore be regarded as 
inconsistent with the hydrodynamic 
concepts that an __isentropically 
spreading rarefaction wave should 
not have a discontinuous front and 
that limited rarefactions should ex- 
tend right up to the wave front; but 
it merely emphasizes the relative un- 
importance of these effects within 
the conical region corresponding to 
the detonation head determined pri- 
marily by the release waves. 

This concept has been applied only 
to a limited extent to gaseous detona- 
tions, and experimental evidence 
showing that it may be applicable to 
gases confined in heavy walled tubes 
is limited to the following two ob- 
servations. 

1. After detonation propagates a 
certain critical distance L,,, a steady 
state momentum is attained in gases 
just as with solids, except that in 
solids L,, is only about 3.5d, whereas 
in gases L,, is considerably larger. 

2. Direct measurements of the 
density contours(22) of the detona- 
tion front in gases appear to show 
that the density is relatively con- 
stant for a distance of about one 
diameter after the wave has propa- 
gated about seven charge diameters 
from the point of creation of the 
detonation wave. Facts 1 and 2 are 
found consistent when one realizes 
that, owing to a much higher com- 
pression ratio, 9o/9,, in gaseous than 
in condensed explosives, the stagna- 
tion plane should have a velocity in 
the neighborhood of 0.8D compartd 
with 0.6D in solids. The reason that d 
the maximum effective length L,, is 
not infinite or not even excessively 
large in gaseous detonations in heavy 
walled tubing is simply that lateral 
rarefactions or lateral release waves 
still exist in such gaseous detona- 
tions. Instead of being associated 
with free expansion as in condensed 
explosives, these lateral release waves 
result from rapid quenching at the 
walls of the tube. The important 
fact shown in this article is that 
steady state heads are established in 
gases as well as in condensed ex- 


plosives. 
Presented at 
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Estimation of Ternary Vapor-liquid 
Equilibrium 


W. H. Severns, Jr., Alexander Sesonske, R. H. Perry, and R. L. Pigford 


University of Delaware, Newark 


Isothermal vapor-liquid equilibrium measurements were made at 50°C. for the ternary systems acetone-methanol-chloro- 
form, acetone—methanol—carbon tetrachloride, and acetone—methanol—methyl acetate, by means of an improved vapor-recircula- 
tion type of apparatus. The complete range of concentrations was investigated, including six of the seven constituent binary 
systems. Chemical methods, supplemented by density and refractive-index measurements, were used for analysis. 

Results are presented in the form of activity coefficients Y as a function of various concentrations. Binary and ternary 
constants for the three-suffix Margules equations were determined by plots of (log y)/(1-x)" as a function of the mole 
fraction x. Such equations have been found to represent both the binary and the ternary data adequately except in the 
system containing both methanol and carbon tetrachloride. For these mixtures a simplified four-suffix equation, including a 


single ternary constant, correlates binary and ternary equilibrium data. 
The data indicate that reliable estimates of ternary equilibria can be based on the assumption that the ternary 
constant C* is zero for mixtures in which all deviations from Raoult’s Law are positive. This is interpreted as indicating that 
the probability of existence of trimolecular aggregates, two- or three-component, in ternary solutions is no greater than the 
average of probabilities of existence of trimolecular aggregates in the constituent binary systems. 
Based on equations of the Margules type, a procedure is outlined for determining binary constants rapidly and for 
planning experiments whereby a ternary system may be completely investigated with the aid of very few measurements. 


The composition changes that the accompany differential 


qualitatively in terms of the shape of the vapor-pressure-composition surfaces. 


In the design of azeotropic and 
extractive distillation equipment, 
reliable multicomponent vapor- 
liquid equilibria are necessary for 
the estimation of heat require- 
ments and separation efficiencies. 
It would be most helpful to be able 
to predict equilibrium relationships 
from the properties of the pure 
compounds or, failing this, from a 
minimum of experimental data. 
Such information would be useful, 
for example, for the selection of a 
suitable third component to facili- 
tate the separation of two close- 
boiling or azeotropic liquids by dis- 
tillation. The use of empirical equa- 
tions for extension or prediction 
of multicomponent vapor-liquid 
equilibria is useful for this pur- 
pose but is tedious even for the 
"_W. H. Severns, Jr., is with E. I. duPont de 
Nemours and Company, Newport, Delaware; 
Alexander Sesonske is at Purdue University, 
Lafayette, Indiana; and R. H. Perry is with 


Shell Development Company, Emeryville, Cali- 
fornia. 
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case of ternary mixtures. 

A method for treating equilibria 
in ternary mixtures which would 
reduce the required experimenta- 
tion and simplify the fitting of 
existing empirical equations to 
isothermal ternary data would ap- 
pear to be of value. A method for 
predicting the constants in these 
empirical equations, preferably 
from the properties of the pure 
compounds or, alternatively, from 
data on the binary systems in- 
volved, would simplify calculations. 
Methods have been proposed for 
extending basic data and estimat- 
ing values of constants in the 
equations for prediction of activity 
coefficients, but the literature does 
not presently contain sufficient 
thermodynamically reliable data to 
test these methods thoroughly. Ex- 
perimental data have been pub- 
lished for several ternary and 
quarternary systems, but a com- 
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distillation of the 


three ternary mixtures are described 


plete test of equations for activity 
coefficients has usually not been 
possible because the whole range 
of compositions was not covered, 
because the experimental errors 
were too great, or because one of 
the pairs was ideal, leading to a 
degenerate case. 

During this investigation iso- 
thermal data were determined for 
the systems acetone-methanol-chlo- 
roform, acetone-mtehanol—methyl 
acetate, and acetone-methanol—car- 
bon tetrachloride at 50°C. The first 
system has both positive and nega- 
tive deviations from Raoult’s Law 
and none of its binary mixtures 
are ideal. The other two systems 
are of the type most frequently 
encountered: mixtures of organic 
liquids which exhibit only positive 
deviations from ideality. Again 
none of the binary mixtures are 
ideal. Wohl’s Margules-type equa- 
tions(12 and 13)were compared 
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with the data. A systematic ap- 
proach to experimentation and 
techniques facilitating the use of 
the equations were developed. 


MATHEMATICAL 
REPRESENTATION OF ACTIVITY 
COEFFICIENTS 


The equation describing the dis- 
tribution of a component, i, at 
equilibrium between liquid and 
vapor phases and defining its 
activity coefficient, y;, is 


= Pix; (1) 


Generally either « or the tem- 
perature is fixed; P; and z; are 
characteristic of the pure com- 
ponent. The liquid-phase mole frac- 
tion, «;, may be chosen arbitrarily, 
and the activity coefficient, y,, is 
related to it by solutions of the 
equations 


j 
Iny; = (1/RT) (a/an,) = nj G” (2a) 
1 


2a,d(Iny,;) =0 (2b) 
1 


Equation (2b) indicates a simple 
test for thermodynamic consistency 
of isothermal vapor-liquid equilib- 
rium data. 

Carlson and Colburn(2) gave 
methods of extending and predict- 
ing binary vapor-liquid equilibria. 
They pointed out the utility of end 
values of log y; at infinite dilution 
of component 7 as constants in the 
development of empirical equations 
applicable to binary mixtures. 
Wohl(12 and 13) presented a series 
of equations of varying complexity 
to describe activity coefficients as 
functions of concentration in bi- 
nary, ternary, and quarternary 
mixtures using as constants the 
end values of log y; for the com- 
ponent binary pairs. The simplest 
of Wohl’s equations to fit a wide 
variety of binary mixtures is the 
three-suffix Margules type ex- 
pressed in mole fractions. In this 
case the excess free energy of 
mixing is assumed to be given by 


G®/2.3 RT = 2 2 (Ana + 22) 


= jim 9 (logio 


(3) 
From Equation (3), by application 
of Equation (2), the equations for 
logarithms of activity coefficients 
are 


logiov: = + 2 (An — 
A12) x1] (4) 
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logio Y2 = vi[An + 2 (Aw — 
An) x2] (5) 


These equations fitted each of 
the binary systems investigated in 
this study with the exception of 
mixtures of methanol and carbon 
tetrachloride, in which the devia- 
tions from ideal behavior were ex- 
tremely large. The function (log 
y)/(1-”)?, hereafter called J, was 
used for evaluation of the data. 
From Equations (4) and (5) 


Ji = Aiz +2 (An — Ais) (6) 


J2 = Ao +2 (Ai2 — Aas) (7) 


Jg=Ag,. Similarly, at «,=—0.5, 
J, = Ag, and Jg = Ajo. J is a linear 
function of w. The linearity of this 
function for binary systems de- 
scribed by Margules-type equations 
is also noted elsewhere(8). 

In Equation (1) the quantities 
nm, 2, P; and temperature may be 
measured or calculated accurately. 
J is very sensitive to errors in 
measurement of concentrations and 
consequently is a good function 
with which to check adequacy of 
equilibrium experiments and ac- 
curacy of analyses. However, in 
the region 0.5<a;<1.0, J becomes 
very erratic even for good data. 
The most significant values of J; 
are those observed in the region 
0<4,<0.5. 

For more complex binary mix- 
tures, particularly those involving 
very large deviations from ideality, 
the four-suffix Margules binary 
equation of Wohl(12) may be use- 
ful. These equations, when plotted 
as J vs. «x, result in curved lines, 
as for carbon-tetrachloride-meth- 
anol, as shoyn in Figures 19 and 
20. 

In Wohl’s nomenclature, recent- 
ly revised(13), the three-suffix 
Margules ternary equation, writ- 
ten in mole fractions, is derived 
from 


G*/2.3 RT = (a1 Aor Ais) + 
ai (a1 Asi + Ais) + 
x2 X3 Ase + 23 Aes) + 
ai [4 (Ariz +An+ 
Ais + Asi + + 


(8) 
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In this new method of representa- 
tion Wohl has used a new ternary 
constant, C*, that is independent of 
the numbering of components. It 
is related to the older definition of 
C(12) by the equation 


C* —C = 3 (Aw — An + Avs — 


Azz + Asi — Ais) (8a) 


By use of Equation (2), it follows 
that 


(A21—Ai2)]+ 
[A1s + 2a1 (Asi — Ais)] + 
x2a3[} (Ao + Are + Asi + 
A13—A23—A32) + 

+ Asi—Ais) + 

— Ase) — (1 — 221) C*] 

(9) 

Log y. and log yz may be deter- 
mined from Equation (14) by 


cyclic permutation of subscripts 
according to the scheme 


>1> 
3 2 


<— 


Let R, be defined as %o/ 
the mole fraction of component 2 
on a one-free basis; then J; may 
be expressed as 


Ji= (logw ¥1)/(1 — 21)? = [Ave + 
2a1 (A21—A12)] + (1—Re)’ [Ais+ 
2a1 (As1—A1s)] + Re (1 — Re) [4 
(An+Au+An+Au—An—As) 
+a (An + (1—- 
21) (2R2 — 1) (Aes — — (1 — 


2x1) C*] (10) 


As in binary systems, J, is a linear 
function of x, for R, constant. At 
R,=1, Equations (4) and (9) as 
well as (6) and (10) are equiva- 
lent and describe the activity 
coefficient of component 1 in bi- 
nary mixtures with component 2. 
At R,=0 the activity coefficient 
of component 1 in binary mixtures 
with component 8 is obtained. 
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Equations (8), (9), and (10) 
fit the data of the first two ternary 
systems investigated with sufficient 
accuracy that use of more com- 
plicated equations was not re- 
quired. The experimental data for 
the third ternary system were also 
fitted satisfactorily but the slight- 
ly more complicated four-suffix 
equations of Wohl(13) showed a 
statistically significant improve- 
ment, owing to the fact that the 
binary system methanol—carbon 
tetrachloride required the use of 
the four-suffix binary equations. 


PLANNING OF EXPERIMENTS 


Use of J as a correlating func- 
tion, as shown in Equations (6) 
and (7), suggests a procedure for 
taking ternary vapor-liquid equilib- 
rium data which will reduce ap- 
preciably the number of experi- 
ments required to investigate a 
system adequately. All composi- 
tions at constant RF lie on a straight 
line on a ternary diagram such as 
Figure 1. From Equation (9) the 
ternary constant contributes most 
to the value of log y; in the region 
2,-0.5. One such re- 
gion is found in Figure 1 for each 
of three components; these are the 
regions in which experimental ter- 
nary measurements should be con- 
centrated once the binary data are 
fully known. 

Chemical analysis for the dilute 
component should be accurate if 
the J value is to be significant; 
analytical accuracy need not be so 
great for the other compounds, al- 
though greater accuracy is re- 


@ 


SIDE VIEW SHOWING 
REAR WELL AND FRONT 
SAMPLING NECK 


Fig. 2. Isothermal equilibrium apparatus. 


quired if these other compounds 
have very different molecular 
weights. Ternary equilibrium de- 
terminations in each of the re- 
gions 1, 2, and 3 of Figure 1, plus 
data on the three binary systems, 
are sufficient to evaluate all the 
constants in the equations. In their 
most general form the four-suffix 
equations contain three different 
ternary constants; consequently, 
three independent ternary determi- 
nations are required. A_ single 
ternary determinmination may be 
sufficient, however, if the binary 
systems are satisfied by the sim- 
pler three-suffix equations; even 
when the more involved equations 


Fig. 1. Ternary compositions experimentally investigated 
for vapor-liquid equilibria. 
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are needed, the three C* values 
may often be equal. 

For rapid comparison of data 
with calculated J values based on 
Equation (10), it is useful to 
know particular values of J; at 
strategically chosen compositions. 
For example, at x, = 0 and R, = 
J, becomes 


Ji = 2 [3 (Aro + Ais) + (Aor + 
As) — (Aes + Azz) — 2C*] (11) 


for the three-suffix ternary Margu- 
les equation. The equivalent func- 
tion for the other components are 
obtained by cyclic permutation of 
subscripts. Moreover, at R,=%, 
x, = 0.5, Equation (11) is altered 
to 


Ji =} [2 (An + — 
(Aes + A32)] (12) 


tole 


This latter equation does not in- 
clude a term containing C* and 
consequently the value of J is in- 
dependent of C* at x = 0.5. Thus it 
is clear that data taken at nearly 
equal mole fractions of the mole 
components give little information 
regarding ternary contributions to 
nonideality. Data plotted as J vs. 
a may be easily and sensitively 
checked for self-consistency and 
those taken at R = constant rapid- 
ly compared with the three- and 
four-suffix Margules equations. By 
use of Equations (11) and (12) 
from those data taken with x dilute 
and R==14, C* may be accurately 
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Fig. 8. Vapor-liquid equilibria for 
system acetone-methanol at 50°C. 
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Fig. 4. Activity coefficients for binary 
system acetone-methanol at 50°C. 
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Fig. 5. Comparative plot of activity 

coefficients for acetone-methanol at 

50°C. with three-suffix Margules equa- 
tion. 


and rapidly determined from the 
plot. Equations (11) and (12) give 
values of J calculated from ternary 
equations at the liquid-phase con- 
centrations which are at the limits 
of the practical significance of the 
function: The J-plot procedure is 
equally applicable to three- and 
four-suffix equations of Wohl(13) 
in q or volume fractions. These 
modified equations, however, were 
not required to fit any of the sys- 
tems investigated here. 


EXPERIMENTAL PROCEDURE 


A modification of the vapor-re- 
circulation equilibrium still described 
by Jones, Schoenborn, and Colburn 
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(5) was used for the equilibrium de- 
terminations. The present apparatus, 
shown in Figure 2, differs from the 
original model in two essentials. To 
provide better temperature control, 
the equilibrium chamber was _ sur- 
rounded by a water bath. Increasing 
the liquid-chamber volume to 8 liters 
increased the condensate volume and 
yet greatly reduced the condensate- 
to-liquid volume ratio. This permit- 
ted larger condensate samples to be 
taken for analysis and yet kept small 
the required time for attainment of 
equilibrium. In addition, several runs 
could be made at or very near the 
same composition with a given charge 
of components. The reprodicibility of 
successive samples provided an esti- 
mate of the accuracy of the experi- 
mental technique. Further, by start- 
ing with a binary charge and adding 
only the third component to change 
the composition between ternary de- 
terminations, successive experiments 
could be made at constant R. 

A magnetic stirrer was used for 
agitation in the liquid chamber. This 
improved the rate of response to ad- 
justments in total pressure. Both the 
liquid and condensate were sampled 
with a hypodermic syringe provided 
with a special long needle. The tem- 
perature of the liquid was compared 
with that of the water bath by means 
of double-junction copper-con- 
stantan thermocouple. A small in- 
ternal heater was useful for adjust- 
ing the vapor circulation rate to be- 
gin an experiment but was turned 
off after circulation had commenced. 
If the pressure became too high dur- 
ing operation, circulation promptly 
ceased; if the pressure was reduced 
below the equilibrium value, the cir- 
culation rate increased until the flash 
boiler flooded. The range of pressures 
over which 
curred was about 1 mm. Hg. 

The pressure in the system was 
adjusted by introducing nitrogen into 
the condenser and was measured by 
means of a temperature-compensated 
mercury barometer. The temperature 
of the water bath was controlled and 
measured by standard apparatus. 

For analysis of ternary mixtures, 
measurement of at least two inde- 
pendent properties is necessary. 
Chemical methods specific for acetone 
and methanol were supplemented by 
densities sensitive to the amount of 
chloroform, methyl acetate, or carbon 
tetrachloride present. A modification 
of the hydroxylamine hydrochloride 
method of Huckabay, Newton, and 
Metler(4) was used for acetone, and 
the acetyl chloride method proposed 
by Smith and Bryant(10) was used 
to determine methanol. Density was 
determined by the pycnometric meth- 
od described by Langdon and Keyes 
(6). Refractive indexes were meas- 
ured with a Bausch and Lomb dip- 
ping-type refractometer and were 
used instead of density for analyses 
of the acetone-chloroform and chlo- 
roform-methanol binary systems. In 
acetone analyses, results were repro- 
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steady circulation oc- - 


ducible to about 0.5 mole % of the 
acetone present in the sample and 
the methanol results were reproduci- 
ble to about 1.0 mole % of the 
methanol present. Density and re- 
fractive-index measurement were re- 
producible to a precision equivalent 
to 0.1 mole % chloroform or carbon 
tetrachloride or 0.2 mole % methyl 
acetate. This high precision was 
possible because the two physical 
properties were found to be almost 
a linear function of the volume frac- 
tion of chloroform, carbon tetra- 
chloride, or methyl acetate present. 
A calibration curve of deviations 
from additivity of density or re- 
fractive index when plotted vs. ideal 
volume fraction permitted precise de- 
termination of composition. To obtain 
complete analyses of ternary sample, 
check measurements were made by 
use of both chemical methods and 
density in practically all cases. 
Large quantities of the pure com- 
ponents were required both for the 
vapor-liquid measurements and for 
the establishment of analytical meth- 
ods. Baker and Adamson technical- 
grade chloroform was dried over 
phosphoric acid anhydride, then dis- 
tilled batchwise at an 8-to-1 reflux 
ratio through a large-capacity, 24- 
theoretical-plate packed column. A 
heart fraction was collected having 
a boiling range of 0.2°C. Reagent- 
grade acetone and methanol were 
distilled in a similar manner. Techni- 
cal-grade methyl acetate was dried 
over silica gel for 48 hrs. and a heart 
eut with a boiling range of 0.2°C. 
was collected. Technical-grade car- 
bon tetrachloride was distilled batch- 
wise in the fractionating column. 
The middle 60% of a batch was col- 
lected; the distillate temperature did 
not vary more than 0.1°C. during 
collection of the heart cut. 


EXPERIMENTAL RESULTS 

Vapor-liquid equilibrium deter- 
minations were made on the three 
ternary systems acetone-methanol- 
chloroform, acetone-methanol—car- 
bon tetrachloride, acetone-metha- 
nol—methyl acetate and on six of 
the seven constituent binary sys- 
tems. All activity coefficients were 
corrected slightly for nonideality 
of the vapor phase by the method 
described by Mertes and Colburn 

The acetone (1)-methanol (8) 
binary system is common to all 
the ternary groups. Figures 3 to 
5 show, in order, the x-y diagram, 
curves of logioy vs. «, and J plots 
for this system. End values were 
computed from the J plots by the 
method of least squares. The values 
compare favorably with the results 
of Uchida et al.(11). 


*Experimental data may be obtained as docu- 
ment 4510 from the Photoduplication Service, 
American Documentation Institute, Library of 
Congress, Washington 25, D.C., for $1.75 for 
microfilm or $2.50 for photoprints, 
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Fig. 6. Vapor-liquid equilibria for 
acetone-chloroform at 50°C. 
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Fig. 7. Activity coefficients for sys- 
tem acetone-chloroform at 50°C. 
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Fig. 8. Comparative plot of activity 
coefficients for acetone-chloroform at 
50°C. with three-suffix Margules equa- 
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Fig. 10. Activity coefficients for 
chloroform-methanol at 50°C. 
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Fig. 11. Comparative plot of activity 

coefficients for chloroform-methanol at 

50°C. with three-suffix Margules equa- 
tion. 


The system acetone (1)-chloro- 
form (2) shows negative devia- 
tions from ideality; Figures 6 to 
8 represent the results. 

Figures 9 to 11 show the char- 
acteristics of the system chloro- 
form (2)-methanol (3), which is 
interesting because of the great 
asymmetry of the log y—x curves. 

The data used for the carbon 
tetrachloride—methanol system are 
those of Scatchard, Wood, and 
Mochel(9), who recommended a 
four-suffix equation for represent- 
ing the excess free energy. 

Table 1 lists the Margules con- 
stants for each of the systems. 

Observed vapor-liquid equilib- 
rium compositions for the ternary 
systems acetone-methanol-chloro- 
form (A-M-C or 1-3-2), acetone- 
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Fig. 12. Comparative plots of activity 

coefficients for acetone in the ternary 

system acetone—methanol—chloroform 

at 50°C. with three-suffix Margules 
ternary equation. 


TABLE 1—MARGULES CONSTANTS FOR CONSTITUENT BINARY SYSTEMS 
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Fig. 9. Vapor-liquid equilibria for 
chloroform-methanol at 50°C. 
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System Three-suffix Four-suffix Azeotropic 
Margules Margules composition 
Acetone (1) Ay =—0.36 x: =0.38 
Chloroform (2) Ax =-—0.30 
Acetone (1) = 0.305 x: =0.81 
Methanol (3) Ayn = 0.225 
Chloroform (2) An = 031 x, =0.66 
Methanol (3) Az = 0.78 
Acetone (1) Aiz = 0.065 x, =0.78 
Methyl acetate (2’) Aoi = 0.050 
Methyl acetate (2’) = 0.465 =0.32 
Methanol (3) Azz = 0.445 
Acetone (1) Aj = 0.41 x =y in range 
Carbon tetrachloride (2’’) Aoey = 031 0.89 <x; <1.0 
Methanol (3) Ags = 0.765 =0.891(9) 
Carbon tetrachloride (2’’) = 1.10 Ager =1.132(9) x3 =0.45(9) 
D23=0.483(9) 
A.L.Ch.E. Journal Page 405 
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TABLE 2—EXPERIMENTALLY OBSERVED 
TERNARY CONSTANTS FOR THE SYSTEM 
ACETONE-CHLOROFORM-METHANOL 


Run Dilute Component c* 
145 Acetone (1) 0.61 
121 0.63 
122 0.59 
141 Chloroform (2) 0.37 
142 0.53 
7 0.53 
120 0.43 
132 Methanol (3) 0.37 
133 0.34 
144 0.52 
Mean: 0.49 


Standard deviation of mean: 0.10 


methanol-carbon tetrachloride (A- 
M-CT or 1-3-2”), and acetone- 
methanol—methyl acetate (A-M- 
MA or 1-3-2’) are also on file.* 
Multiple equilibrium determina- 
tions were made at each of the 
points 1 to 13 of Figure 1 for the 
systems A-M-C and A-M-MA. 
About a third of the data on each 
system were taken near regions 
1 to 3 of Figure 1. For the system 
A-M-CT, determinations were made 
only at points 1 to 3. 

J plots for each component of 
the A-M-C system are presented 
in Figures 12 to 14. Curves for 
the three-suffix Margules equations 
with C*=0.5 are plotted. Values 
of C* were calculated from the 
three-suffix Margules equations by 
use of data from individual runs 
in the region R= % w dilute. The 
results are shown in Table 2. Cal- 
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Fig. 13. Comparative plots of activity 
coefficients for chloroform in the 
ternary system acetone—methanol— 
chloroform at 50°C. with three-suffix 
Margules ternary equation. 
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TABLE 3—EXPERIMENTALLY OBSERVED 
TERNARY CONSTANTS FOR THE SYSTEM 
ACETONE—METHYL ACETATE— 


METHANOL 
Run Dilute Component Gc 
Be Acetone (1) —0.16 
53 —0.16 
69 —0.02 
70 0.00 
59 Methyl acetate (2’) —0.05 
60 0.00 
61 +0.04 
62 +0.11 
57 Methanol (3) +0.14 
58 +0.12 
82 +0.04 
Mean: 0.00 


Standard deviation of mean: 0.09 


culation of three different ternary 
constants, C*,, C*,, C*3, for use 
in the four-suffix Margules equa- 
tion of Wohl was also carried out, 
but the resulting values did not 
differ significantly from each other 
or from the single C* average 
listed in the table. 

For the system A-M-MA, J plots 
are shown as Figures 15 to 17. 
The lines correspond to the three- 
suffix Margules equation with C* = 
0. Values of C* were calculated 
from individual runs as indicated 
in Table 3. Again a single ternary 
constant was found adequate to 
describe the system. 

J plots for the system A-M-CT 
are presented in Figures 18 to 20. 
The lines are calculated from the 
four-suffix Margules equation with 
C*=0. Calculations of C* from 
each of the six experiments are 
summarized in Table 3. The two 
sets of C* values correspond to 
the three- and the four-suffix equa- 


tions. Based on the latter, the 
~~ *See footnote on page 404. 
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Fig. 14. Comparative plots of activity 
coefficients for methanol in the tern- 
ary system acetone—methanol—methyl 
acetate at 50°C. with three-suffix 
Margules ternary equation. 
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TABLE 4—EXPERIMENTALLY OBSERVED 
TERNARY CONSTANTS? FOR THE SYSTEM 
ACETONE-CARBON TETRACHLORIDE- 


METHANOL 

Dilute Three- Four- 

Run component suffix suffix 

1 Carbon —0.13 +0.07 

2 tetrachloride (2’’) —0.28 —0.09 

3 Acetone (1) +0.26 +0.38! 

4 —0.17 +0.05 

5 Methanol (3) —0.07 +0.17 

6 —0.13 +0.06 

Mean: —0.16 +0.05 

Standard deviation 

of mean: 0.04 0.04 


four-suffix equation of obi G3. 
£This value omitted from average, based on 
statistical rules. 


average value of C* is not signifi- 
cantly different from zero. This 
is in agreement with data from 
other ternary systems and the 
slightly more complicated equa- 
tions are therefore preferred. 
Whenever one or more of the 
binary systems require the use of 
four-suffix equations, the multi- 
component equations should also 
be of the four-suffix variety, but 
the ternary effects may be no more 
complicated in these cases than 
they are for systems with simpler 
binary component systems. 

This is in accord with a recent 
study by Carlson(1), who ex- 
amined published data for twelve 
different ternary systems and con- 
cluded that C* = 0 is satisfactory 
for all systems of which the devia- 
tions from ideal behavior are 
either zero or uniformly positive. 


DISCUSSIONS OF RESULTS 


Figures 21 to 23 are isothermal 
plots for the three ternary systems. 
In each case the isobars were cal- 
culated by use of the appropriate 
Margules equations. 

In each system a steep gradient 
of vapor pressure is evident in the 
region of high methanol concen- 
trations. The cause of this posi- 
tive deviation from ideality prob- 
ably is the decomposition of meth- 
anol aggregates brought about by 
dilution with either one of the 
other components. The methanol- 
carbon tetrachloride binary system 
is very strongly nonideal and 
causes very large vapor pressures 
over the whole range of compo- 
sitions in the A-M-CT system. 
Figure 23 shows that the isobars 
for this system are nearly sym- 
metrical about a line representing 
equal amounts of methanol and 
carbon tetrachloride. The A-M-MA 
system is dominated to a lesser 
degree by the methanol—methy] 
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Fig. 15. Comparative plots of activity 
coefficients for acetone in the ternary 
system acetone—methanol—methyl ace- 
tate at 50°C. with three—-suffix Mar- 
gules ternary equation. 


acetate binary system; the mix- 
tures of methanol and acetone 
show only moderate positive devia- 
tions from ideality. 

The extent of positive deviations 
from ideality of binary mixtures 
of acetone, methyl acetate, and 
carbon tetrachloride, respectively, 
with methanol is in inverse rela- 
tion to their ability to accept pro- 
tons in the formation of hydrogen 
bonds. In the order listed, they 
show decreasing ability to form 
aggregates with methanol and, 
consequently, are  decreasingly 
compatible with it in mixtures. 

The replacement of one chlorine 
of carbon tetrachloride by hydro- 
gen, resulting in chloroform, 
makes a very large change in the 
deviations from ideal behavior in 
ternary systems with acetone and 
methanol. Chloroform and acetone 
have a strong tendency to form 
hydrogen-bonded aggregates in 
their binary mixtures. This re- 
sults in negative deviations from 
Raoult’s Law. Methanol, on the 
other hand, shows moderate posi- 
tive deviations from ideality when 
mixed with either acetone or chlo- 
roform. Hydrogen bonds are 
formed also in these cases, but 
positive deviations result from the 
decomposition of methanol aggre- 
gates. This is particularly notice- 
able (Figure 9) in the activity of 
dilute methanol in chloroform. 

In spite of positive deviations 
in the A-M and M-C binary sys- 
tems, ternary mixtures nearly equi- 
molar in acetone and chloroform, 
regardless of methanol concentra: 
tion, exhibit a vapor-pressure de- 
pression relative to the methanol- 
containing binary systems that 
may be partially attributed to the 
formation of ternary aggregates 
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Fig. 16. Comparative plots of activity 
coefficients for methyl acetate in the 
ternary system acetone—methanol— 
methyl acetate at 50°C. with three- 
suffix Margules equation. 


(Figure 21). The excess free 
energy of the A-M-C- system is 
successfully represented by an 
equation in the third powers of 
mole fraction, suggesting that ag- 
gregates no more complex than 
trimolecular are responsible for 
the deviations observed. In addi- 
tion, the value and the positive 
sign of C* observed experimental- 
ly for this system enter Equation 
(13) in such a way as to lower 
the excess free energy. From this 
it seems likely that ternary aggre- 
gate of acetone, chloroform, and 
methanol exist in the molar ratio 
1:1:1. It appears unlikely that 
significant negative values of C* 
in Equation (13) will occur in any 
ternary system. 

The Margules equations success- 
fully predict that, owing to the 
strongly positive deviations in the 
methanol-carbon tetrachloride sys- 
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Fig. 17. Comparative plots of activity 
coefficients for methanol in the tern- 
ary system acetone—methanol—methyl 
acetate at 50°C. with three-suffix 
Margules equation. 
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tem, the activity coefficients of 
acetone in ternary solutions should 
fall outside the region between the 
two binary lines on Figure 18. 
Slightly negative deviations are 
predicted for a limited range of 
compositions. Apparently, even 
though acetone is “repelled” or 
made abnormally active by the 
presence of either methanol or 
carbon tetrachloride molecules 
alone, when these latter substances 
are present together they repel 
each other so strongly that a few 
molecules of acetone find ample 
free space in the solutions. Prob- 
ably the partial entropy of acetone 
is therefore abnormally large, 
owing to this greater degree of 
freedom to occupy free volume in 
the liquid, resulting in a decreased 
free energy without necessarily in- 
volving energy effects. 

The distillation characteristics 
of the three ternary systems are 
of interest because of their ex- 
tremely nonideal behavior. The 
triangular plots of total vapor 
pressure can be used to bring out 
some general features of this be- 
havior. With reference to Figure 
22, for the A-M-MA system, for ex- 
ample, the location of the calcu- 
lated ternary azeotropic composi- 
tion is shown by the small circle 
inside the diagram. The binary 
azeotropes are located on each of 
the three sides of the triangle. 
The dashed lines (called “path 
lines”) on the figure show the pre- 
dicted gradual change of the liquid 
residue away from the azeotropes 
in a differential batch distillation. 
These lines were constructed by 
drawing straight tie lines on the 
triangle, each joining a pair of 
compositions representing ‘liquid 
and vapor phases in equilibrium. 
If a liquid mixture is differential- 
ly distilled in apparatus having an 
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Fig. 18. Activity coefficients for ace- 
tone in the system acetone—methanol— 
carbon tetrachloride at 50°C.; lines 
are four-suffix ternary Margules 
equation. 
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efficiency equivalent to one theo- 
retical plate, the residue will move 
for a short distance along the tie 
line through its original composi- 
tion but in a direction away from 
the vapor end of the tie line. The 
path lines on Figure 22 therefore 
are constructed so that the tie 
lines are their tangents. 

When the path lines are nearly 
straight, as they are near the bot- 
tom of the triangle or in the cor- 
ners, the liquid and the equilibrium 
vapor are greatly different in com- 
position, and vice versa. The path 
lines form a family of curves 
radiating from the dotted lines 
that join the three binary azeo- 
tropes to the ternary azeotrope. 
These dotted lines are called “‘char- 
acteristic lines” of the system be- 
cause they cannot be crossed by 
any path line. A liquid whose in- 
itial composition falls on a dotted 
line at any point other than the 
azeotropic point will move along 
the dotted line to the nearest bi- 
nary azeotrope. When it reaches 
this limiting composition, the resi- 
due will not change, but if a trace 
amount of one pure component is 
added to this residue it will move 
in a direction toward one of the 
pure-component vertices of the 
triangle, provided the azetrope has 
a minimum boiling point. The 
characteristic lines and the sides 
of the triangle are therefore path 
lines of singular characteristics. 

In a ternary system with two 
binary azeotropes a characteristic 
line will join the two correspond- 
ing points on the sides of the tri- 
angle. Any possible ternary azeo- 
trope will lie on this characteristic 
line. If the third binary pair is 
nonideal but does not have an 
azeotrope, owing to a large dif- 
ference in the vapor pressures of 
the pure components, a ternary 
azeotrope still may exist. This may 
be the situation of the A-M-CT 
system, shown by Figure 23, in 
which it is not clear from the data 
whether a binary azeotrope exists 
or not. (Along the acetone—carbon 
tetrachloride side binary mixture 
containing more than about 90% 
acetone have very nearly equal 
liquid and vapor compositions. It 
does not appear to be essential 
that three binary azeotropes be 
present in a ternary system in 
order to have a multicomponent 
azeotrope; two binary azeotropes 
would appear to be sufficient if 
the third system is sufficiently non- 
ideal. 

The A-M-C ‘system has mixed 
deviations from ideal behavior, 
owing to negative deviations in the 
A-C binary system (a maximum- 
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boiling azeotrope) and _ positive 
deviations in the A-M and M-C 
binary pairs( minimum-boiling 
azeotropes). This results in an in- 
flection point of invariant compo- 
sition called by Ewell and Welch 
(3) a “saddle point,” which is 
neither maximum- nor minimum- 
boiling with respect to other possi- 
ble ternary compositions. Figure 
21 shows the location of this sad- 
dle. The residue in a differential 
batch distillation tends to move 
across this saddle-shaped surface 
in a general down-hill direction, 
as indicated by the path lines on 
Figure 21. 


CONCLUSIONS 

Ternary vapor-liquid equilibria 
of nonideal liquid mixtures exhibit- 
ing only positive deviations from 
ideality can be predicted in many 
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cases from data on the binary 
pairs alone by use of the appropri- 
ate Margules equation. Selection 
of the three- or four-suffix forms 
of the Margules equation is de- 
termined by the most complicated 
binary system involved, usually the 
one with the highest activity co- 
efficients. Mixtures having uni- 
formly positive deviations from 
ideality in the binary pairs may 
frequently be represented by C* = 
0, as indicated by two ternary 
systems described here and con- 
firmed by an extensive evaluation 
of literature data by Carlson(1). 
Only one ternary system including 
both positive and negative devia- 
tions has apparently been investi- 
gated to date: the system A-M-C 
investigated here. This system ap- 
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Fig. 20. Activity coefficients for 
methanol in the system acetone— 
methanol—carbon tetrachloride at 
50°C.; lines are four-suffix ternary 
Margules equation. 
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Fig. 21. Vapor pressures at 50°C. for system acetone—methanol-— 
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Fig. 23. Vapor pressures at 50°C. for system methanol— 
acetone—carbon tetrachloride. 


pears to require a value of C* 
that is significantly different from 
zero in order to be accurately de- 
scribed by the three-suffix Margu- 
les equation, but whether this 
behavior will also be found in 
other mixtures having both nega- 
tive and positive deviations simul- 
taneously is not yet known. 
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NOTATION 

A,=logarithm to base ten of 
activity coefficient of com- 
ponent 7 at infinite dilution 
in binary mixtures with 7 

C* = ternary constant in three- or 
four-suffix modified ternary 
Margules equation. Also, co- 
efficient of term in equation 
for excess free energy of 
mixing expressing effect of 
triple aggregates of unlike 
compounds 

D = constant in four-suffix Margu- 
les equation for description 
of complex binary mixtures 
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G® = Gibbs’s free energy per mole 
of mixture in excess of that 
of an ideal mixture of the 
same composition 

J, = log y;/ (1-«;)? 

P;=vapor pressure of pure com- 
ponent 7 

q= arbitrary multiplier to 
originally molecular volume 
in liquid phase 

R= gas constant 

Ry = + > Rs = (a3 + 
#1); Ry = (4, + £2) 

T = absolute temperature, °K. 

x = mole fraction in liquid phase 

y = mole fraction in vapor phase 

z= correction factor for nonideal- 
ity of vapor phase, ratio of 
fugacity to partial pressure 
of component in vapor mix- 
ture 

y= activity coefficient, ratio of 
thermodynamic activity to 
mole fraction in the liquid 
phase 

= total pressure 


Subscripts 


1 refers to component 1, the most 
volatile in the pure state 

2 refers to component 2 

3 refers to component 3, the least 
volatile 

i refers to any component 

j refers to any component includ- 
ing 7 

k refers to any component except 
4 or 7 
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I should like to call attention to 
a serious limitation in Equation 
(5) of the paper entitled “Approxi- 
mate Equations for Time of Batch 
Fractionations” by A. I. Johnson, 
Chen-Juang Huang, and F. D. F. 
Talbot(1), which contains several 
relationships which were derived 
for my course in distillation calcu- 
lations at the Polytechnic Insti- 
tute of Brooklyn. I had advised 
the students that I had no inten- 
tion of publishing the work, which 
was distributed in mimeographed 
form, and that they were free to 
use the equations wherever they 
could be applied. This aforemen- 
tioned limitation was not given in 
my original notes but was dis- 
cussed and illustrated by problems 
in the accompanying lecture. 

Equation (5) does not recognize 
the fact that at large values of x 
a large number of trays are 
squeezed into the upper right-hand 
corner of the xy diagram to pro- 
duce substantially pure distillate. 
For example, an impossible result 
is obtained if the equation is used 
to calculate the amount of distillate 
produced at a reflux ratio of 3 
from a feed consisting of equal 
moles of two components having a 
relative volatility of 4.0, up to the 
time when the instantaneous dis- 
tillate is 90% of the light com- 
ponent. At this point the concen- 
tration « in the residue is obtained 
by solving the quadratic relation- 
ship derived by Smoker (2) for the 
intersection of the operating line 
and the equilibrium curve. 


(1) 


The value of x is 0.0945, and 
substituting in Equation (6) of 
reference 1 gives 71.5% of the 
initial batch remaining as residue. 
Since 90.55% of this is the less 
volatile component it contains 
64.8% based on the original charge. 
This is 14.8%-more than the 50% 
initially charged to the still. 

The error lies in the initial prod- 
uct obtained from the still, which 
according to Johnson, Huang, and 
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Talbot’s Equation (3) is 170% 
light component (illustrated in 
Figure 1). Equation (5) in the 
previous paper(1) holds only when 
the concentration of light com- 
ponent in the initial charge is 
equal to 1/[(a-1)R] or less. How- 
ever, the equation can be used for 
other feed compositions if it is 
recognized that the distillate com- 
position up to this point is sub- 
stantially pure light component. 

Thus in the previously cited prob- 
lem the over-all material balance 
on the distillation when the resi- 
due concentration is equal to 1/ 
(3 X 3), or 0.1111, mole fraction 
of light component is as follows: 


Charge to still 


moles 
Light component 50 
Heavy component 50 

100 


Using W,;=56.25 and #,=0.1111 
in Equation (5) gives a value for 
W of 55.1 for the final conditions, 
indicating that 44.9% of the batch 
will be distilled off when the dis- 
tillate purity drops to 90% 

In this same course the relation- 
ships between residue quantity and 
composition were also derived from 
the same concept of a large num- 
ber of plates in a system in which 
the equilibrium curve is substan- 
tially straight. 


The equation is 


where k is the slope of the ‘equilib. 
rium curve. 

This equation will hold only in 
the dilute region and is most use- 
ful in the calculation of systems 
at high reflux ratios, where the 
lower end of the operating line 
falls in this region. It also has the 
limitation that it cannot be ap- 
plied directly if the initial charge 
concentration is greater than 1/ 
[k+R(k—1)]. By making the same 
assumption that the distillate is 


Residue Distillate 
Moles m% Moles m% 
6.25 11.11 43.75 100 
50. 88.89 
56.25 


pure until the composition of the 
residue reaches this concentration, 
one can then apply the equation to 
the quantity at this time. 

Thus in the previous problem the 
equilibrium curve can be assumed 
straight in the dilute region with a 
slope equal to the limiting slope of 
the constant relative volatility 
curve at zero concentration, name- 
ly m=4. The distillate will be 
pure until the residue composition 


Fig. y 


| 
| | 
| 
| 
| 7 | | 
| 
[ / | | 
| 
| 
| 
{ | | 
| | 
| 
A | | | 
0.4 + 
| 
| 
AV | | 
0.2 | 
| | 
| | 
° 
° 2 4 6 10 12 4 us 


A.I.Ch.E. Journal 


September, 1955 


| 
R 28 R 
+ 
(@=1) ep _ 
) 
) 
i 


is 7.7 mole % light component, 
when 45.8 moles of distillate will 
be obtained. When the overhead 
composition is 90%, the residue 
concentration « given by the equa- 
tion 


tp 


is 0.069 mole fraction, and the total 
amount of distillate obtained up to 
this point can be calculated as 
100 — 58.7, or 46.3, moles. The 
agreement between the two equa- 
tions will be better at higher re- 
flux ratios. 

It is also interesting to recog- 
nize that when R =0 both the au- 
thors’ equation (5) and Equation 
(2) of this work reduce to the 
well-known equations derived from 
the integration of the Rayleigh 
equation without reflux for the re- 
spective cases of a constant rela- 
tive volatility and a straight 
equilibrium curve. 

The authors’ Equation (34), 
based on a constant distillate com- 
position, is also derived in my lec- 
ture notes for a number of trays 
sufficiently large so that the value 
of the residue composition a at 
total reflux will be substantially 
zero. In these notes I do not con- 
sider the case of a small number 
of trays. I have, however, also 
derived an alternate equation for 
the constant distillate composition 
operation. This equation can be 
more readily adapted for a small 
number of trays than the one se- 
lected by the authors of the present 
article for their development. It 
does not include the relative vol- 
atility of the components and there- 
fore may be used for nonideal 
systems. The accuracy depends up- 
on the degree to which the actual 
end of the operating line follows 
the parabolic curve. 

If the slope of the operating line 
is assumed to vary linearly with 
the bottoms concentration from 
the initial feed concentration to a 
zero concentration at total reflux 
conditions, it may be shown that 
at any residue composition x the 
slope of the operating line is given 
by 


V tp — x; 


— us) | 
(1 tp (4) 


where y; is the vapor in equilibrium 
with the feed composition. Thus 
it may also be found that 
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Substituting this value in the 
Bogart equation gives 


_ Ws 
V 


which upon integration between 
the indicated limits gives 


W; 


6 
V XD 


Xp 
| (7) 


This equation can be rearranged 
in terms of the rate of product 
withdrawal from the still. Thus pj, 
the maximum rate of product with- 
drawal, which occurs at zero time, 
is given as 


where R,, is the usual minimum re- 
flux ratio for the given feed com- 
position 

At any time § when the residue 
composition is x, the instantaneous 
rate of product withdrawal is given 
as 


p= (9) 


Xi 
Eliminating y; and « in Equation 
(7) by the use of relationships (8) 
and (9) yields the expression for 


the time required to reach a rate 
of product draw-off p 


= rip) 


2; 
p 


(10) 


If a small number of trays are 
considered and so the lower end 
of the operating line does not ap- 
proach the equilibrium curve, the 
value of y; can be determined by a 
trial-and-error procedure, adjust- 
ing the reflux ratio until the given 
number of trays provide a concen- 
tration of x; The maximum rate 
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of product withdrawal can thus be 
calculated from this reflux ratio 
according to Equation .(8), con- 
sidering this reflux ratio as the 
minimum for the given column. 

The given number of trays can 
then be stepped off at total reflux 
on a McCabe-Thiele diagram to 
determine the value of a. When 
the equivalent assumption is made 
that the slope of the operating line 
varies linearly over the range ofz; 
and a from the minimum slope 
R,/(Ry +1) to unity; Equations 
(4), (5), (6), (7), (9), and (10) 
became as follows: 


V (ap (a; — a) 
V (yi-—2; 
(6a) 
(w—a) (rp—x) 


W: (ap (x; a) 


V (ap —a) 


(xp i) (xp —r) Tp—a 


| 


(z;—z) 
P= (9a) 
6 = 


(z:— a)” (pu—p) 


Pau (tp— a) —a) 


W; 


Pu (rp a)” 


In Pu — P94) 
(xp — 


These equations are identical to 
the previous ones except that the 
origin has been moved to the point 
(a,a@) and so all values of 2 are 
replaced by —a. 

It can be noted that the final 
equation includes only terms which 
are functions of the initial draw- 
off rate and total reflux conditions. 
It may thus be applied to nonideal 
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systems and the agreement with 
the rigorous graphical technique 
will depend upon the deviation be- 
tween the actual variation in the 
product draw-off rate with residue 
composition and the assumed linear 
variation. In all cases the equation 
can be used as a first approxima- 
tion and for preliminary studies. 
Calculation of the time for the 
distillation at constant product 
composition in the problem illus- 
trated in Table 1 of the previous 
paper(1) gives a value of 8.38 by 
Equation (7) of this work, which 
compares with 8.10 calculated by 
Equation (34) of the previous 
paper. This is consistent with my 
experience in numerous other cases 
studied where the agreement was 
within 5% by the two equations. 
In the problem given in Table 
2 of the previous paper, involving 
two theoretical plates, the calcu- 
lated time is very sensitive to the 
final reflux ratio. Thus calculating 
the final reflux ratio from Equa- 
tion (9a) and_ substituting in 
Equation (10a) give a time of 
1.94 hr. The trays at the corre- 
sponding reflux ratio of 7.5 were 
stepped off on a McCabe-Thiele 
diagram and the residue compo- 
sition was 0.17; so this time cor- 
responds to a somewhat greater 
recovery of distillate than antici- 
pated in the authors’ statement of 
the problem, since they specified a 
bottoms composition of 0.18. On 
the other hand, the authors’ Equa- 
tion (32) gives a reflux ratio of 
4.4 at the final conditions. When 
the value of p calculated from this 
reflux ratio is used, the time given 
by the previous Equation (7) was 
in perfect agreement with the 
authors’ calculated value of 1.48 
hr. However, stepping this off on 
the McCabe-Thiele diagram gave a 


Page 412 


final residue composition of 0.20, 
which indicates poorer recovery 
than specified in the problem. On 
interpolation to a reflux ratio of 
6.2 a residue composition of 0.18 
was obtained, and at the corre- 
sponding product draw-off, Equa- 
tion (7) gives a time of 1.74 hr. 
This latter value gives the best 
agreement with the previous au- 
thors’ graphical integration and 
indicates that Equation (7) is the 
more readily adaptable to the prob- 
lem when the final reflux ratio is 
properly established. 

The relationship between both 
equations and the true value ob- 
tained by graphical integration of 
the Bogart equation can be readily 
seen from Figure 2, which has 
been constructed for the conditions 
of this problem. The pseudoequilib- 
rium curve calculated by the au- 
thors’ Equation (381) lies above 
the actual curve, and consequently 
the time required for a _ given 
change in the composition of the 
residue will be less than the true 
value. On the other hand, the 
parabolic equilibrium curve lies 
below the actual curve, and there- 
fore a greater time will be calcu- 
lated from Equations (9a) or 
(10a). The same relationship be- 
tween the two forms of equations 
has also been found to hold in all 
the cases involving a large number 
of trays which I have calculated. 
No studies have been made, as yet 
to establish which equation more 
nearly represents the true condi- 
tion encountered in practical sys- 
tems. 
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REPLY 
A. I. Johnson and C. j. Huang 


University of Toronto, Canada 

In writing this. paper(1) the 
authors were interested primarily 
in developing analytical expressions 
for treating constant reflux and 
constant overhead distillations for 
a small number of plates. The 
authors regret possible serious 
omission of references to previous 
work with large numbers of plates 
but believed this information to be 
generally known. While the in- 
tegration of Rayleigh’s equation 
leading to Equation (5) was first 
learned by one of the authors in 
Dr. Scheibel’s excellent course, this 
work is treated in a very similar 
manner in Robinson and Gilliland’s 
text(2). In this work the limita- 
tion discussed by Dr. Scheibel in 
his correspondence (that the over- 
head product cannot exceed 100%) 
is also treated. The authors chose 
their example of Table 1 so that 
this difficulty did not need to be 
considered. 

In his correspondence Dr. Schei- 
bel has proposed an alternative 
procedure for treating constant 
overhead distillation with a small 
number of plates. This appears to 
require some trial and error in its 
application and is quite different 
from the method proposed in the 
present authors’ paper. It should 
be pointed out that the integration 
of Bogart’s equation leading to 
Equation (34) (1) is uniquely dif- 
ferent from the integration lead- 
ing to Equation (10), which Dr. 
Scheibel covered in his course. The 
authors suggest that Dr. Scheibel’s 
technique could form much of the 
material for a paper in this field. 

The authors wish also to thank 
Dr. Scheibel for pointing out the 
following  slide-rule calculation 
errors in Table 1: 

Column 1 
22.2 moles should be 19.5 moles 
6.10 hr. should be 6.44 hr. 
Column 2 

7.11 hr. should be 8.10 hr. 
There should not be so large a dif- 
ference between the results by 
graphical analysis and those by the 
equations listed in the paper. This 
difference apparently was due to 
limitations in the graphical calcu- 
lation. 
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